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Abstract

Abstract
Applications of miniaturised robots in medicine have created significant
opportunities for minimally invasive medicine. As a pioneer in such a field, wireless
capsule endoscope (WCE) has brought significant advantages to the diagnosis of the
gastrointestinal (GI) diseases, especially the symptoms in the small bowel to which a
conventional endoscope is hard to reach. However, current commercial capsules
depend on the natural peristalsis to move, which makes site-specific diagnosis and
intervention less effective, limiting WCE’s prospect to a large degree. Therefore,
substantial research is being dedicated to the active locomotion of WCEs, which is
crucial for further therapeutic functionalities such as drug delivery and biopsy.
This thesis reports on designing, optimising, fabricating, and testing locomotion
mechanisms for a spiral-type robotic WCE for operation within the GI tract,
especially in the small intestine, in a safe and reliable manner. The whole
locomotion system functions by coupling a capsule robot containing a magnetic
element via an external electromagnetic system.
A three-axes circular Helmholtz coils has been employed to generate a rotating
magnetic field to wirelessly provide actuation to the robotic capsule. By altering the
frequency and amplitude of the electric current, this electromagnetic system is able
to control the rotation speed and direction (in three dimensions) of the capsule.
Biomechanical and biotribological properties of a real intestine were experimentally
investigated in order to obtain a sound understanding of the working environment
of the robotic capsule. Our findings demonstrate that the intestine’s biomechanical
and biotribological properties are coupled, suggesting that the sliding friction is
strongly related to the internal friction of the intestinal tissue. Sliding friction
experiments were also conducted with bar-shaped solid samples to determine the
sliding friction between the samples and the small intestine.
V

Abstract

Finite element analysis (FEA) has been used to optimise the geometry of a capsule
robot assembled with spirals, like a screw assembled on its cylindrical surface. The
computational fluid dynamics (CFD) has been employed to investigate the
interaction between the capsule and a mucus film rather than the intestinal wall.
The CFD predictions agree well with the corresponding experiments in which the
spiral-type capsules (i.e. the capsule robot with spiral traction elements) were
actuated by the external electromagnetic system. The FEA is extended to take the
deformation and viscoelasticity of the intestine into account in order to realistically
predict the propulsion performance of the capsule robot, evaluated experimentally.
The close correspondence between experimental and numerical results from the
FEA has encouraged us to use the FEA as a tool to evaluate the performance of
different helical structures and consequently, undertake the design and
optimization of the traction topology of a spiral-type capsule robot.
Most literature in this field shows qualitative results on the mechanical and dynamic
behaviors of a spiral-type robotic WCE moving inside a model GI tract, rather than
testing in a real small intestine. Very little was reported on the theoretical and
experimental evaluation of various spiral-type capsule robots. In this thesis,
significant efforts have been made to provide substantial experimental data for
quantitatively analysing the performance of different traction topologies of the
robotic capsule, including the resistive torque, tractive force, locomotion ability and
locomotion efficiency, through in vitro experiments with real porcine small
intestines. It is revealed that the optimisation of such a robotic capsule is a
compromise among propulsion velocity, stability, efficiency, and safety as well. From
this point of view, an optimised traction topology was identified and recommended
from the performance evaluation based on the experimental data. By these findings,
a significant step has been taken towards a functional robotic capsule with a
swallowable size, and the development of a powerful therapeutical WCE eventually.
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Chapter 1 – Introduction

Chapter 1
Introduction
This thesis reports on developing and optimising an active locomotion system for a
wireless capsule endoscope (WCE) so that such a swallowable robotic capsule would
be able to traverse the entire human gastrointestinal system at will, by which the
functionality of current WCEs will considerably be extended from passive imaging to
a host of promising diagnostic and therapeutical procedures for minimally invasive
medicine.

1.1 Motivation
1.1.1 Microrobotics for minimally invasive medicine
The term “minimally invasive therapy” was first introduced in 1989, referring to
surgical operations through small incisions rather than large ones used for
traditional open surgery [1]. Minimally invasive medicine is not just limited to
certain surgical techniques, but can be extended to other fields of medicine,
including numerous diagnostic and therapeutic devices or techniques. Minimally
invasive medicine has been universally accepted due to offering health care with
minimal trauma, lower pain, fewer complications, improved recovery and duration,
and reduced costs as well [2-4].
With computer-controlled robotic actuators and end-effectors suitable to the size of
manipulated objects, precise instruments are needed for minimally invasive
medicine. A micromanipulator can be used for surgical assistance, endoscopic
surgery, dexterity enhancement, etc. Endoscopic surgery has already been widely
used for the removal of gallstones, harvesting stem cells, treatment of herniated
intervertebral discs and

some medical

operations associated with

the

gastrointestinal tract. Researchers are continuously looking for enhancing the
1
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capabilities of the endoscopic devices, which can be articulated by flexible cables, to
carry out more complex biomedical procedures such as biopsy of intestinal tissues
for further diagnosis. The conceptual diagram of such a multifunctional endoscopic
surgical tool is shown in Fig. 1.1. Dexterity enhancement can be achieved using a
hand-held micromanipulator so that a surgeon’s hand movements can be
downscaled to a point in which both location of the end-effector and the operative
force would be precise enough to perform interventional operations on the human
body. A dexterity enhancement concept is illustrated in Fig. 1.2.

Fig. 1.1 Concept of multifunctional endoscopic surgical tool [1].

Fig. 1.2 Dexterity enhancement concept [4].
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For some tube-shaped human organs, e.g., blood vessel, small intestine, it is difficult
or even impossible for a conventional micromanipulator (mentioned above) to reach
their entire interior environment without incisions. The best solution to this
category of minimally invasive medicine is to release a miniature robot (with a
volume from several cubic millimetres to several cubic microns) into the human
organ through a naturally occurring orifice. When the micro/nano sized robot
navigates through the natural pathway within the human body, the clinical operator
telecommunicates with the robot and wirelessly controls its operation.
Despite its excellent promise, medical microrobots are facing many challenges,
primarily due to three reasons. Firstly, the significance of size effects is distinct from
that in the macroscopic world when a robot is miniaturized to the microscale.
Although the fundamental physics is still applicable, the forces from fluid viscosity
and surface effects are more important than those from the volumetric effects such
as mass and inertia. Therefore, designers have to change their perspective from
traditional robotics so that those dominant characteristics at micro-scale should be
taken into account first when devising a microrobot. Secondly, due to the
constrained size and current battery technology, relying on onboard power supply is
not a good choice for a microrobot. There are only two solutions to this problem.
One is to create a miniature battery with enough energy density. The other is to
actuate and drive the microrobot remotely by wirelessly providing power. Both
solutions are challenging. The latter is extremely challenging to achieve due to the
operation within complex working environment of a microrobot, the human body.
The human natural pathways consist of mucus-filled lumens and cavities, showing
various viscoelastic characteristics with different soft tissue combinations. This
makes it very difficult to model and predict the reactions of these organs to the
intrusion of a microrobot and the in-turn effects on the robot, which creates more
constraints on the design of a robotic device.
There are four main natural pathways within human body, including the
3
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gastrointestinal (GI) system, the circulatory system, the urinary system, and the
central nervous system. To make a microrobot work in the circulatory system, in
addition to the complexity of vessel walls, the effects from the pulsating and
changing blood flow has to be handled as well. Besides, the varying diameters of
vessels are absolutely not ignorable. Researchers have proposed some biomimetic
swimmers for use in the circulatory system, inspired by some microorganisms such
as cilia and eukaryotic flagella. Fig. 1.3 shows one swimming microrobot developed
by the Swiss Federal Institute of Technology [5]. It was reported that iron bead was
inserted into a blood vessel and controlled by a magnetic resonance imaging (MRI)
device [6].

Fig. 1.3 A swimming microrobot [5].

To design a microrobot working in the urinary system is not trivial, either. The
variation in the working environment is enormous as the device exits the urethra
into the bladder, from a tube-like lumen to a relatively large cavity. To design and
build a robot capable of operating well in both passages is quite challenging. The
central nervous system poses even more difficulties for a microrobot to work in.
Among the natural pathways, the gastrointestinal (GI) tract appears the most
realistic territory for a microrobot to operate at present, due to its relatively large
size, normally with lumens’ diameters of several centimeters, and the absence of
4
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unpredictable fluid flow. If a real microrobot is successfully functionalized in the GI
tract, it is likely to push the limits further, to the other natural pathways mentioned
above, since similar actuation mechanisms could be viable as well, with the
continuing progress in miniaturization. Therefore, a large research community has
been growing in order to create a swallowable robot capable of performing all kinds
of medical tasks in the GI system, which is also within the aims of this thesis.
1.1.2 Wireless capsule endoscope (WCE)
Since the introduction of the first gastro-camera in the 1950s and the application of
fiber optics in the 1960s [7], it has been almost half a century and enormous
advancements have been achieved in endoscopy technology. However, three major
constraints still hinder the further development of a conventional endoscope. The
first limitation is the reliance on manual insertion and steering procedures. This
requires a long and delicate training for an endoscopist to be well qualified. The
other two constraints are based on the adoption of a tangible medium, a push cable,
to transfer information between the end-effector and the operator. Though
improvements have been made regarding the flexibility of fiber optic cables, it is still
inevitable to cause discomfort and pain when undertaking traditional endoscopy,
which to some degree discourages patients to take the procedures, especially for
the examination of suspected gastrointestinal (GI) diseases. Moreover, current wired
endoscope is able to reach the esophagus, stomach, upper small intestine and colon,
but lacks the capability to access and visualize the entire small intestine [8], due to
the inevitable rigidity of the wire and the narrow, winding and multiple-folded
nature of the small bowel. About 10% of the USA population is estimated to suffer
from diseases involved with the small intestine, such as obscure bleeding, Crohn’s
disease, chronic diarrhea, irritable bowel syndrome and cancer, which are difficult to
diagnose through conventional endoscopy or radiology [9]. Therefore, the
motivation and the need are high to find an alternative to traditional flexible
scope-based endoscope for full examination of the small bowel. The first step was
5

Chapter 1 – Introduction

taken in 2000, by the release of the first wireless capsule endoscope (WCE) [10].
WCE is a pill-shaped micro or mini medical device to investigate the whole digestive
system by the ingestion and transit through the GI tract. Since its first launch, over
1,250,000 examinations have been carried out throughout the world [11]. It has
been widely accepted as a first-line tool to diagnose abnormalities related to the
small intestine [12, 13] and has proved its value in detection of the diseases in the
other GI sections as well [14]. At present, over 85% of commercial capsule
endoscopes are for the small bowel applications [11], while some others are
specifically designed to work in the esophagus or colon. Fig. 1.4 shows some of the
current commercially available capsules on the market.

Fig. 1.4 (a) PillCam SB2, (b) PillCam ESO, (c) PillCam Colon2, all by Given Imaging, Inc. [15] (d)
EndoCapsule by Olympus, Inc. [16].

The very first incentive for the invention of WCE is to visualize the GI tract, especially
the small intestine, for providing help to a physician’s diagnosis. The vision quality
essentially determines the effectiveness of the WCE. Over the last decade, WCE
research community has been making efforts to enhance miniaturization and
imaging quality. A detailed review about the vision systems for the wireless capsular
endoscopy is given in [17].
In addition to visualisation, WCE can provide other significant diagnostic information
by integrating biosensors. For example, temperature and pH measurements are
6
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possible with the Phillips iPill [18, 19]. A Lab-on-a-pill capsule was introduced to
monitor pH level, conductivity, and oxygen levels [20]. The Stanford endocapsule
offers the sensing functions based on optical, chemical, temperature and pH
measurements [21]. A European research project, named VECTOR, developed a
capsule able to detect bleeding in the intestine and stomach via microsensors [22].
Kim et al. proposed a capsule which could provide temperature, pressure, and pH
data [23]. The SmartPill [24] has these measurement capabilities as well (see Fig. 7).
The integration of a wide range of biosensors into a capsule holds a great
perspective for enhancing the diagnostic capabilities of the capsule endoscope [25].

Fig. 1.5 The SmartPill [24].

To date, in spite of great advances, the capsule endoscope is still considered as a
complementary tool and not ready yet to replace conventional endoscope. Its
diagnostic value has been proved, especially in the inspection of diseases related to
the small intestine. However, current commercial capsules are unable to carry out
interventional and therapeutic procedures, which limit them as purely diagnostic
devices rather than a complete medical system for the GI diagnosis and treatment.
Substantial research efforts have been dedicated to breaking such a confinement.
Some

proof-of-concept

prototypes

with

interventional

and

therapeutic

functionalities have been created and demonstrated. But compared to the vision
system, the development of this kind of WCE technologies is still in its infancy.
Biopsy and tissue sampling have been proved possible by a capsule endoscope [26].
7
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By integrating a trigger with a paraffin block and a rotational tissue-cutting razor
with a torsion spring onboard, the capsule successfully attained tissue specimens
from the small intestines of a cow and a rabbit in-vitro tests. Fig. 1.6 illustrates the
concept and the prototype. Some other ideas to perform capsule biopsy can be
found in references [27, 28]. In addition to biopsy for further analysis ex vivo,
ablation may be also realized by similar mechanical methods, to remove unhealthy
tissues from the inner GI surface.

Fig. 1.6 (a) concept, (b) prototype of a biopsy capsule [26].

Clip deployment is another attempt for the therapeutic capsule endoscope, to cure
the GI bleeding by releasing a tiny clip on the lesion. The first successful in vivo
capsule clipping procedure was conducted in the porcine colon by Valdastri and the
co-workers (see Fig. 1.7) [27]. A surgical clip made of Nitinol, a biocompatible
superelastic shape-memory alloy (SMA), was located upon the tip of capsule initially.
After arriving at the area of interest, a command was sent wirelessly to the
miniature motor housed inside the capsule via a human-machine interface to
release and place the clip on the lesion and stop the bleeding. This prototype is 12.8
mm in diameter and 33.5 mm in length and still needs to be scaled down to a
swallowable size. Besides, the vision system is removed to save room for the
actuator of the clipping mechanism.
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Fig. 1.7 A clipping capsule for treatment of bleeding lesion [27].

Localized drug delivery is one of the most promising applications for the
interventional and therapeutic capsule endoscope. Compared to the traditional
ingestion or injection of medicine, this technology allows increasing the
concentration of a drug in locations of interest and lowering the side effects on the
other organs of the human body, which is able to maximize the therapy’s effect and
simultaneously avoid the risk of damaging healthy organs. Phillips’ IntelliCap
technology [18] removes the camera and integrates a fluid pump and a drug
reservoir, controlled by a microprocessor, in a 11 × 26 mm capsule (see Fig. 1.8),
which is devised to perform targeted drug delivery, including various delivery
profiles such as a burst, progressive release and a multi-location dosing. In-vitro
tests had been successfully done with such a device.

Fig. 1.8 iPill by Phillips [18].

Another example of an attempt to topical drug delivery was the ePill developed by
van der Schaar et al., housing a container in the capsule for fluid releasing [29].
Current advances in polymer composites enable the synthesis of a magnetic
polymer membrane [30], which can be used as the container of a capsule. Once
9

Chapter 1 – Introduction

triggered by an external magnetic field, such a device deforms and causes openings
to discharge contents. A capsule made of a membrane sensitive to temperature or
some other parameters is capable of altering its permeability according to the
corresponding local change, allowing the contained drug dispersed. Some other
mechanisms for drug delivery are reviewed in [31]. Among them, a high-frequency
(HF) capsule utilizes a radio-frequency (RF) pulse to induce a current, then melting a
thread to release a needle which punctures the latex balloon and discharge the
contained fluid. Gastro target telemetric capsule makes use of an external RF pulse
as well to produce heat in the capsule so that an onboard membrane can be
released and pierced by a needle, which causes reagents to mix and generate
carbon dioxide, raising inner pressure to push out the piston of an onboard
container. Pi et al. proposed a micro thruster to empty the drug reservoir by the
generation of gas pressure in a remote-controlled capsule [32].
Some other applications include delivering optical biopsy device, injecting fluid for
chromoendoscopy, introducing an implantable agent to monitor regions of interest
in a long term, incorporating an ultrasonography chip to obtain detailed information
on the layers of the GI surface [29].
1.2 Problem Description: Active locomotion for a robotic WCE
The advent of WCE revolutionarily opens up a new world of minimally invasive
medicine for the GI tract. Over the last 10 years, the relevant technologies have
been greatly developed, making it a promising alternative to conventional
fiber-scope based endoscope for inspecting the GI tract, especially for the
examination of the small intestine. However, current commercial capsules still
appear as a purely diagnostic device, though efforts have been continuously made
to develop relevant modules for interventional and therapeutic functionalities, as
introduced in the previous subsection. Moreover, current commercial capsules are
not capable of monitoring a specific spot for a specific duration of time, which poses
constraints on the diagnostic functions and subsequently make a follow-on surgical
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or endoscopic intervention necessary. The risk of retention is also reported [25]. All
these demerits stem from the fact that current capsules on the market still rely on
the natural peristalsis for moving inside the GI system. The motion is completely
passive and uncontrollable. Therefore, in order to fulfil the WCE’s great potentials,
the development of active locomotion modules is inevitable and superior and this
could also provide a useful guide for further developing minimally invasive
micro/nano robots for other human natural channels, e.g., circulatory and urinary
systems. The primary aim of this thesis is to design and develop a feasible actuation
and locomotion mechanism for a robotic WCE and to optimise its traction topology
for efficiently working in the digestive tract.

1.3 Principal contributions
The study presented in this thesis makes important contributions to the field of
biomedical microrobotics for minimally invasive medicine. The development of a
feasible locomotion mechanism would extensively upgrade the functionality of WCE,
which not only breaks its restriction in diagnostics, but also evolves it to an ultimate
all-rounder capable of performing therapeutic and interventional tasks inside the
gastrointestinal system. The original contributions of this work are;
1. An active locomotion system, including the robotic capsule itself and the
external electromagnetic system, was designed, fabricated and successfully
propelled in both the simulated environment (vinyl tube filled with silicone
oil) and the real small intestine in vitro.
2. Finite element analysis and experiments were conducted to investigate the
propulsion performance of the robotic capsules in the simulated
environment, providing useful guidelines for optimisation of the locomotion
system, including traction topology of the robotic capsule and operating
conditions of the external magnetic system.
3. The biomechanical and biotribological properties of the intestinal tissue are
11
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determined for better understanding of the viscoelastic behaviour of the
small intestine, which improves the optimisation of the locomotion system.
4. Finite element analysis, analytical modeling, mechanical and dynamic
experiments were conducted to investigate the contact force and locomotion
performance of a robotic capsule inside the real small intestine in vitro. The
efficiency of the locomotion system was evaluated by means of a
dimensionless term, specific tractive force. All these results make key
references for the optimisation of the locomotion system.

1.4 Thesis outline
This main body of the thesis is divided into eight chapters.
Chapter 2 introduces a number of locomotion systems proposed in the literature,
which provides knowledge of the progress in this field so far and helps to identify a
feasible and attractive locomotion approach to adopt for this work.
Chapter 3 presents the course of identifying the specific locomotion approach used
in this work and also describes the design and fabrication of the external magnetic
system.
Chapter 4 presents the early work that various robotic capsules were tested in a
simulated environment (vinyl tube filled with silicone oil). Both theoretical and
experimental works illustrate the performance of the robotic capsule and provide a
useful guide for the optimisation of the locomotion system.
Chapter 5 reports efforts for a better understanding of biomechanical and
biotribological properties of the small intestine, which is a significant factor affecting
the motion of a robotic capsule inside the intestinal lumen.
Chapter 6 presents viscoelastic simulations of the small intestine, using the finite
element analysis.
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In Chapter 7, both modeling and experimental studies are reported with regard to
investigating the contact force and locomotion performance of the robotic capsules
inside the real small intestine. Efficiency of the capsules with different traction
topologies is also evaluated. The results in this chapter provide a key reference for
selecting an optimised robotic capsule.
In Chapter 8, we conclude all the work in this thesis and provide recommendations
for future research in this field.
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Chapter 2
Literature review of locomotion approaches
for WCE
Current commercial capsules rely on the visceral peristalsis and gravity to move in
the GI tract. Due to the passive movement, the trajectory of the capsule is purely
random and unpredictable, and sometimes tumbling or even retention occurs,
worsening or destroying the capsule’s imaging consistency. The inability to stop, go
forward or back makes a capsule unable to perform prolonged and detailed
monitoring with a thorough coverage, which increases the possibility of missing
relevant information for diagnostic interest. Furthermore, owing to the lack of
controllable active locomotion, capsule endoscope is restricted as a purely
diagnostic device and prevented from acting as a more powerful tool to conduct
more appealing therapeutic tasks, such as non-invasive GI surgery. To surpass this
hurdle, significant research efforts have been dedicated to exploiting active
locomotion mechanisms for capsule endoscope.
This chapter contains substantial information regarding the locomotion approaches
proposed in the literature, giving a clear idea about the progress in this research
field. Moreover, the review provides us a direction to find a proper mechanism with
good feasibility and potential for a self-propelled WCE.

2.1 Actuation and locomotion
When speaking of active locomotion for a WCE, it usually means actuation and
locomotion. Actuation is generally a short and repeating motion produced and
maintained by the energy source. An actuator to a microrobot is like an engine to a
vehicle, converting energy into motion. However, this motion is too short or too
repeating (e.g., only rotation) to be directly used to offer a mobile robot an effective
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and efficient movement of scale far beyond its own physical length. Therefore, extra
device is required in order to convert this short stroke or the purely rotation into a
relatively long-displacement or a more linear motion to execute movement,
so-called locomotion mechanism. The actuation and locomotion mechanisms
together enable a robotic WCE to extract power from the energy source and utilize
it to obtain active locomotion.
Electrical type actuators are commonly used in robotics due to their good stability
and controllability. The actuation is powered locally, or called ‘internally’ for an
untethered microrobot since the whole process happens inside the robot. There are
a number of internal locomotion approaches reported in the literature, which is
presented in Section 2.2.
Nevertheless, actuation does not always have to be powered locally. For some types
of actuators, the actuation can be externally induced from an off-board energy
source. Such kind of locomotion approaches is introduced in Section 2.3

2.2 Internal locomotion
Internal locomotion solely makes use of onboard micro-mechanisms to activate the
actuation system of a capsule endoscope. The power supply is located in the capsule,
usually in the form of miniature batteries. The selection of silver oxide batteries is
due to its better safety record than lithium-containing batteries though the latter’s
power to weight ratio is higher [11]. Housing coils is another scheme to extract
power via inductive coupling [33-35]. However, the reported power of
approximately 310 mV [33] may still not be enough to support a locomotion system
alone, which makes inductive coupling coils only as a complementary source to
onboard batteries.
Micro motors and some other conventional locomotion mechanisms are available
by scaling them down to the size at which they can be accommodated in a capsule.
Consequently, this brings about the biggest advantage of the internal locomotion:
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precise motion control and good reliability. The major shortcoming is the space
requirement for the placement of relatively big batteries or inductive coupling coils.
Hosokawa et al. have proposed a biologically inspired locomotion mechanism based
on mimicking the movement of a snail and an earthworm [36]. It consists of two
segments joined by a spring (see Fig. 2.1(a)). Shape memory alloys (SMA) are used
to provide the contraction and in the clamping device, a suction cup, to provide
adhesive forces for the two heads in turn. By cyclic compression / extension of SMA
spring actuators, the robot is able to move forward. The experiments showed that
the crawler could travel on inclined surfaces covered with mucus and sticking to a
vertical wall or even a ceiling. The velocities were measured when moving in natural
latex rubber sheets with different wall stiffness, 0.03, 0.03 and 0.10 mm/s obtained
for strains of 0%, 30%, 60%, respectively. Kim and the co-workers have developed
earthworm-like capsules as well [37, 38]. Two prototypes were created, one with
SMA actuators and the other with piezo actuators. Microneedles acted as clamping
devices, like earthworm’s setae. From the tests in ex-vivo porcine intestine, it was
demonstrated that the prototype with piezo actuators performed better than the
one with SMA actuators. The velocities were 300 and 14.7 mm/min, respectively.
They also proposed a poly N-isopropylacrylamide (NIPAAm) hydrogel clamper to
avoid any damage to the GI tract [38].
A few research groups have developed paddling type microrobots (see Fig. 2.1(b))
for capsule endoscope [39, 40]. This type of robot makes use of the mechanism for
paddling a canoe. The paddles are embodied as several legs housed inside the robot
initially. The task of a canoeist is provided by a linear actuator, consisting of a micro
motor, a lead screw and movable cylinders. By repeatedly stretching and folding the
legs, the microrobot is capable of moving in the GI tract. In vitro and ex vivo tests
[40] demonstrated the velocity of 60 cm/min in the silicone tube as well as the
velocities of 36.8 and 37.5 cm/min in the extracted porcine colon. The movement
became slower when testing such a robot in vivo porcine colon, reduced to the
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average velocity of 17 cm/min. Pinpoint erythematous mucosal injuries were caused
due to the contact of the leg tips with the colon wall.
Dario and the co-workers proposed superelastic legs assembled on a capsule for
both anchoring and locomotion in the GI environment [41-44]. A prototype with
four legs was developed, whose actuation system was composed of a motor and a
coaxial single worm gear with four helical gears placed on. The four legs were fixed
to the helical gears so that they could generate some specific gaits in response to
the actuation of the motor. The in-vitro tests showed that such a device, integrated
with a camera, was able to travel in the digestive system with a mean velocity of
approximately 12 mm/min. Due to the slippery condition in the operation
environment, a back-sliding was apparent at the end of each step cycle. To
overcome this problem, more legs were designed and employed. With four frontal
and four back legs, the locomotion speed of such a capsule was raised to 41
mm/min in the in-vitro experiments. The latest prototype (see Fig. 2.1(c)) includes
12 legs, six at each end, and each leg tip can produce 0.63 N average propulsive
force. The size (11 x 25 mm) of the device matches that of the current commercial
capsules. The travelling speeds are fast enough to make the capsule carry out an
inspection of the colon in a time period equivalent to that of the current
colonoscopy. However, due to its relatively large size, this kind of legged capsule
robot can only work in a relatively capacious intestinal environment currently, such
as colon, not suitable for small intestine yet.

Fig. 2.1 (a) Snail-type, (b) Paddling-type, (c) Legged prototypes.
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In addition to the methods reviewed above, a propeller-driven capsule was
developed to navigate in the liquid-filled digestive environment, such as the
stomach full of liquid by drinking before the ingestion of the capsule [45]. By
utilizing the contractive reaction of live tissues on electrical stimulus, stopping and
locomotion mechanisms were introduced by Woo et al. [46] and Mosse et al. [47],
respectively. Other innovative approaches include flagella swimming [48] and
self-propulsion through a fluid jet [49].

2.3 External locomotion
External locomotion is referred to the locomotion approaches whose power is
extracted from an external source rather than from an on-board source. It is
generally based on the utilization of an external magnetic field to directly induce
actuation through a magnet embedded in the microrobot. The main objective of
this approach is to save the inner space so that the capsule endoscope can be kept
under a swallowable size. Another significant benefit is to lengthen the operation
time since the power is extracted from an external source. However, using magnetic
forces and torques to precisely control the capsule’s moving direction and velocity
remains challenging under current knowledge and techniques in magnetism,
especially when the microrobot is moving in a deflated, winding, and slippery
lumen.
Two types of schemes are generally used to provide magnetic actuation to capsule
endoscope. One is to generate gradient fields to provide pulling force and use the
alignment of the internal magnet to change the direction. The other is to purely use
magnetic torques to make a spiral-type robot rotate and then convert the rotation
to a translational movement due to the contact between the spirals and
environment (fluid or solid). An external rotating magnetic field is required to
interact with the internal magnet. Either permanent magnets or electromagnets
(such as coils) can be adopted to generate an external magnetic field. The former is
able to produce higher fields in a smaller volume whereas the latter controls the
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magnetic field strength and direction better. Over the past few years, significant
research efforts have been devoted to the development of capsules with external
locomotion system, as discussed below.
Swain and colleagues have established remotely manoeuvrable capsules by
embedding permanent magnets in the capsules and manoeuvring it through an
external magnet controller outside the body [50, 51]. The system was initially tested
and proved feasible in the porcine bladder. Afterwards, a first-in-human study was
performed with a modified colon type capsule (Given Imaging Ltd.) in a volunteer.
One of the two cameras was removed and replaced by the magnets in the capsule.
An external magnet was held by the operator to induce and lead the swallowed
capsule from the esophagus to the stomach. The experiment showed the
manoeuvrable movement and did not cause any discomfort or pain. However, the
difficulty was reported in pulling the capsule up and down the esophagus, indicating
the adverse effect of the distance on the pulling force, which may make such a
system unfeasible for obese patients. Another capsule of this kind was developed by
Lien et al. and it was successfully experimented in the stomach of a dead pig [52].
Compared to a manual control, the robotic manoeuvre of the external magnets is
believed to be able to offer more reliable and accurate control of the capsule’s
locomotion [53, 54]. Gao and the co-workers designed and fabricated a robotic
assembly with several permanent magnets (PMs) [55]. Such an external magnetic
system has five coupling axes and enables a capsule’s multi-direction movement.
The tests were carried out in PVC tubes and the in-vitro porcine small intestine with
the same curvature and distance, showing the average velocity of 30.14 and 10.75
mm/s, respectively. Kim et al. introduced a Cartesian robot with a PM fixed on its
end effector [56]. The system possesses six degrees of freedom (DOFs) and be able
to control a magnetic capsule. A similar external system was proposed by Ciuti and
the co-workers. It consists of a human machine interface (HMI) and a 6-DOF robotic
arm with a PM on its end-effector to create a connection with a magnetic capsule.
The tests were conducted in a low-GI tract phantom model and demonstrated a
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better performance than manual steering. In addition to using an external PM, the
idea of employing electromagnets as an external magnetic system is also being
embraced. Such an electromagnetic actuation (EMA) system generally uses
Helmholtz coils to produce a dominant uniform magnetic field for the microrobot’s
orientation and simultaneously utilizes Maxwell coils to provide uniform magnetic
field gradient for the inducement of magnetic pulling force. Several systems of this
kind were reported, showing the ability to control a small internal PM’s locomotion
[57-59].
Besides direct pulling, research is also underway to create spiral/screw type capsules.
Sendoh et al. reported on the capsules with different spiral structures and tested
them in a silicone tube [60]. The highest velocity was obtained when two spirals
were used. Afterwards, Sendoh and the colleagues successfully conducted the
motion tests with such a spiral type capsule in the large intestine of a living dog,
with a rotating magnetic field generated by a 3-axis square Helmholtz coil system
[61]. Zhang et al. described the feasibility of either horizontal or vertical swimming
of a screw-type capsule in an artificial tube. The rotating magnetic field was
produced by a spinning external PM [62]. Zhang and the co-workers also proposed a
variable diameter capsule for adjustable radial clearance compensation, which was
proved to have better performance in propulsion and swimming speed [63]. The
ex-vivo tests demonstrated that the capsule was capable of swimming vertically
inside a pig’s intestine. Lee et al. proposed a flexible chain-based screw type capsule,
whose distinction from a conventional spiral-type capsule is the adjustable spiral
[64]. One end of the chain is fixed on the body and the other end is attached to the
movable slide ring. When the capsule starts to spin, the threads deform to a spiral
shape due to the rotation of a sliding ring induced by the frictional force. The spiral
direction changes with the rotation direction. The lack of two-way movement can be
fixed by using two sliding rings. With the front sliding ring clamped, the capsule
always travels forward. With the rear sliding ring clamped, it always generates a
backward movement.
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In addition to purposely developed systems, existing clinical equipment is also being
considered to realize the locomotion of a capsule endoscope. The Stereotaxis
system, designed for catheters, is one example to this kind of research efforts [65].
The device is capable of offering a rather uniform magnetic field to enable a
magnetic capsule’s 360-degree orientation. The translational movement can be
provided by moving the patient’s table. Its advantage is its readiness for a clinical
application. Another main benefit is the ability of localising the capsule via an
integrated digital fluoroscopic scanner.

2.4 Conclusions
Substantial research is being undertaken to functionalize the locomotion of a
capsule endoscope through internal and external approaches. Internal methods
offer better motion control while external methods reduce or eliminate the
requirements for onboard components, such as power supply, actuators and
locomotion mechanisms. In the regime where space is quite precious, external
approaches appear more promising than internal ones for the locomotion of a micro
or mini robot. Moreover, external mechanisms are easier to scale down, which
makes them more likely to be further miniaturized for the application in
smaller-scale human natural orifices. To practically propel a capsule inside the GI
tract, a hybrid internal-external strategy may be most appealing, e.g., using the
external approach to provide the main movement and the internal mechanism to
perform complementary task such as tissue distension [66]. In this work, we focus
on the main propulsion of the robotic capsule. Hence, an external locomotion
approach is adopted to develop an active WCE. Some detailed investigation about
magnetic actuation for this specific application is presented in the next chapter.
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Chapter 3
Magnetic actuation of a robotic
capsule endoscope
For the active locomotion of a robotic capsule with a swallowable size, magnetic
actuation appears more promising than a traditional electrical type actuation
because it eliminates the need for an onboard power source and control module.
Since the size of WCE is of primary importance, it is better to take the power and
control modules out of the capsule so that more space can be saved for other
functional modules. Besides, the actuation is powered and controlled wirelessly by
an external magnetic system, making the restriction on the robot’s endurance of
energy no longer exists. Furthermore, due to the difficulty in miniaturizing batteries
further and further, electrical type actuators become unpractical for in-body
biomedical robotic applications. However, the issue of further miniaturization does
not affect the external magnetic actuation at all due to the relatively straightforward
transmission of the mechanical energy from the magnetic source. This increases the
potential of the locomotion approaches based on magnetic actuation, which will
serve as a ‘footstone’ for minimally invasive robotics within smaller human natural
pathways such as the circulatory system. This chapter presents some fundamentals
of magnetism theory and compares several of magnetic actuation schemes. For
magnetic actuation, the robotic agent needs to incorporate a magnetic target in
order to receive the magnetic induction.

3.1 Magnetic actuation
Magnetic actuation is one of the most promising techniques to wirelessly provide
active locomotion for a capsule endoscope. The capsule containing the magnetic
target responds to the external magnetic field with a controlled movement and
orientation. The propulsion can be realized by directly inducing a magnetic force or
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utilizing a screw-shaped structure to generate the propulsive force from a magnetic
torque.
3.1.1 Fundamentals of magnetism theory for magnetic actuation
The magnetic response is obtained under a magnetic force or a magnetic torque.
The former is a result of a magnet or coil under the effect of an external magnetic
field gradient, which gives rise to different force magnitudes on the two dipoles and
consequently creates a net force. The latter is caused by the misalignment of the
magnetic part’s magnetization and the external magnetic field’s direction. They are
expressed as follows [67].
F = V ( M ⋅ ∇) B

(3.1)

τ = VM × B

(3.2)

where F is the magnetic force, τ is the magnetic torque, B is the magnetic flux
density of the external magnetic field, V and M are the volume and magnetization of
the magnet, respectively. Magnetic flux density B has the following relationship with
the magnetic intensity H
B = µ0 µr H

(3.3)

where µ 0 = 4π × 10 −7 H m-1, is the free-space permeability, and µ r is the relative
permeability of a material.
As to the magnetization M, it is the product of the susceptibility χ and the
external magnetic field intensity H for an ideal homogenous and isotropic material.
Its maximum value is limited by the material’s saturation magnetization. For a
permanent magnet (PM), which is adopted in our robotic capsule, its magnetization
is almost constant under a regular working condition, unless it is affected by a
strong demagnetizing field or a heat source with a temperature over its Curie
temperature. Therefore, the magnetization of a permanent magnet is mostly
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dependent on the intrinsic properties of the material and partially dependent on
the shape of structure, but almost receives no influence from the external magnetic
field when operating as the component of a robotic capsule under a specific range
of working conditions.
Both PMs and electromagnets can be employed to generate external magnetic fields
for providing wireless power to a magnetic robot. While the former produces higher
fields in a smaller volume, the latter controls the field strength and direction better.
When dealing with medical applications, accuracy and safety are always at a
premium. Therefore, electromagnets appear advantageous in this regard. The
Biot-Savvart Law, illustrated as follows, shows the relationship between the electric
current and magnetic field intensity;

δH =

1
i δL × u
4πr 2

(3.4)

where H is the magnetic field intensity, i is the current, r is the radial distance from
the wire element to the position of interest, L is the length of the wire, u is a unit
vector along the radial direction [67].
3.1.2 Maxwell coil for uniform magnetic field gradient
Two coils with identical dimensions can be used to generate a uniform gradient of
magnetic flux under a Maxwell configuration. This offers the magnetic actuator a
constant and predictable force according to Eq (3.1). To make a Maxwell coil, the
two coils have to be placed coaxially and follow the relation of d = 3 r , where d is
the distance between the coils and r denotes the radius of each coil. The current
through the coils should be the same in magnitude and opposite in the direction.
Derived from the Biot-Savvart Law, the following equation can be used to calculate
the distribution of the magnetic field intensity for a pair of circular Maxwell coils:
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where H is the magnetic field intensity, i is the current intensity at the coil, and r, n
and d denote the radius of the solenoid, the number of coil turns and the distance
between a pair of solenoids, respectively. The parameter z indicates the
displacement along the coil axis whose origin is at the center of the Maxwell coil.
3.1.3 Helmholtz coil for uniform magnetic field
A Helmholtz configuration is another widely used electromagnetic system, which
generates a uniform magnetic field. Since the magnetic field is uniform, a magnetic
source in it does not move but only tries to align with the external field. As shown in
Eq (3.2), a misalignment between the external magnetic field and the magnetic
source (e.g. a robotic capsule with a permanent magnet) field induces a magnetic
torque, which activates the magnetic robot. With a continuously rotating magnetic
field within the Helmholtz coil system, the robot is provided with a constant and
controllable rotational motion and the reliable mechanical power is wirelessly
supplied.
A basic Helmholtz coil is comprised of two coaxial coils with identical radius and
identical current direction, separated with a distance equal to the radius of the coils.
For a circular Helmholtz coil, the magnetic field along the axis can be calculated by
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(3.6)

where H is the magnetic field intensity, i is the current intensity at the coil, and r, n
and d denote the radius of the solenoid, the number of coil turns and the distance
between a pair of solenoids, respectively. The parameter z is the displacement along
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the coil axis whose origin is at the center of the Helmholtz coil.
3.1.4 Magnetic finite element (FE) analysis
Two methods are widely used to predict the external field distribution induced by a
Helmholtz coil system. With Eq (3.5) or Eq (3.6), theoretical calculations can be
conducted to obtain the magnetic field distribution along the axis of one pair of a
Maxwell or Helmholtz coil. Due to the uniformity, the field distribution within a
cylindrical region, which has the same axis and the radius around 20% of the one of
the coils, can be predicted theoretically, with the magnitude deviation lower than
0.5% compared to the field at the corresponding points on the axis [68].
The other approach to get the distribution of the magnetic field is to use finite
element (FE) analysis. With this method, the magnetic field intensity of each point
within the computational domain can be numerically calculated and the results can
be depicted in a contour plot straightforwardly. Furthermore, in addition to
magnetostatic simulations, the FE method can perform transient analysis, enabling
the illustration of a time-varying (low frequency) electromagnetic field, which is
necessary for this study.
In a magnetostatic simulation, the time varying effects are neglected. Using the
Ampere’s Law;

∇× H = J

(3.7)

where H is the magnetic field intensity and J is the current density. Combining Eqs.
3.3 and 3.7 results in

 B 
 = J
∇ × 
µ
µ
 r 0

(3.8)

where, B is the magnetic flux density, and µ 0 is the free-space permeability, and
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µ r is the relative permeability of a material, assumed to be isotropic for simplicity.
The magnetic vector potential A has the following relationship with the magnetic
flux density B,

B = ∇ × A.

(3.9)

Together with the Gauss’s Law,

∇•B = 0

(3.10)

the governing equation [81] for the magnetostatic solver can be derived as follows,

 1

(∇ × Az (x, y ))
J z ( x, y ) = ∇ × 
 µr µ0


(3.11)

Once J(x,y) is given as an excitation, the magnetic vector potential at all points in the
domain can be solved. Consequently, the magnetic flux density and magnetic field
intensity can be computed from Eqs. 3.9 and 3.3.
For transient eletromagnetic simulations, in addition to Eq. 3.4, the following
Maxwell equations applies:
∇ × H = σ (E)

∇×E = −

∂B
∂t

(3.12)

(3.13)

where, σ is the electrical conductivity and E is the electric field intensity. The
above equations (Eq. 3.12 and Eq. 3.13) lead to the following equation:

∇×

1

σ

∇× H +

∂B
=0
∂t
.

(3.14)
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A backward time stepping scheme is adopted for the time discretization;
 dx 
 
 dt 

t + ∆t

{x }− {x}
=
t + ∆t

∆t

t

.

(3.15)

3.2 Spiral-type propeller versus direct gradient-pulling
A spiral-type capsule makes use of the rotation caused by a magnetic torque to
generate a pressure difference on the two sides of the spiral structure once being in
contact with the surrounding medium. If the force from the pressure difference
exceeds the frictional resistance, the capsule is capable of generating propulsion.
For more pressure difference and simultaneously less drag force, the spiral structure
needs to be optimized according to the capsule’s dimensions. Comparatively
speaking, the gradient pulling is basic and more straight-forward for the magnetic
actuation. There is no requirement for the capsule except providing enough space to
house the magnetic part. However, when the microrobot is designed for medical
application, a screw-type capsule has its nontrivial advantages.
In the first place, the rotating speed of a spiral-type capsule can be easily controlled.
As stated before, the rotating speed of the capsule is in synchronization with the
magnetic field if the rotation is not beyond the step-out frequency. The magnetic
torque is adjusted automatically to balance the viscous torque by increasing or
decreasing the misalignment between the PM’s magnetization and the external field.
Therefore, the moving velocity can simply be adjusted by controlling the frequency
and intensity of the input current. When using the gradient pulling, it is difficult to
predict the required magnetic force for balancing the frictional resistance due to the
complexity and variability of the inner environment of a GI tract. Hence, an abrupt
change in the velocity may occur and possibly makes the robotic capsule bump into
the intestinal surface, which causes discomfort or even tissue damage.
From Eq. 3.1 and Eq. 3.2, it can be seen that the magnetic torque and force are
proportional to the local magnetic field and magnetic field gradient, respectively.
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From Eq. 3.4, the magnetic field intensity and the consequent magnetic torque
decreases quickly as the coil gap becomes larger. Due to the dependence on a
spatial derivative of the field, the magnetic force is more sensitive to the change in
the distance from the magnetic source. Therefore, it decays even more rapidly once
the robotic capsule is away from the sources. If Maxwell coils are used to generate a
region of a uniform field gradient, a stronger electric current will be needed to
maintain the required magnitude, which subsequently worsens the issues of heat
and radiation protection. Since a relatively large coil gap is probably inevitable to
accommodate a human body for in vivo applications, a spiral/screw type capsule
relying on field intensity appears easier and more efficient to implement relative to
a pulling-type capsule relying on the field gradient, which is adopted as the
locomotion approach in our work. Some theoretical and experimental studies,
presented in the following sections, were conducted to further identify the external
magnetic system for generating a rotating magnetic field for actuating such a
spiral/screw robotic caspule.

3.3 External electromagnetic system for a spiral-type magnetic
propeller
3.3.1 Validation of the magnetic models
Both theoretical calculations and FE numerical method are presented to predict the
distribution of a magnetic field, especially the one induced by Helmholtz coils. To
validate the models, the magnetic flux densities along the axis of one Helmholtz coil
were measured. The internal and external diameters of each coil are 180 mm and
330 mm, respectively. The coil length is 87 mm and the number of turns is 1000. The
same dimensions were used in the theoretical calculations and the FE analysis. The
current was set as 1 A, provided by a DC power supply.
The FE analysis is performed by a commercial program, Maxwell 13. It is a powerful
program to numerically predict the magnetic fields from both PMs and
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electromagnets by using Maxwell’s equations and the introduction of magnetic
scalar potential [69]. A Newton-Raphson iterative algorithm is adopted for the
solution process. For the Helmholtz configuration in the FE simulations, the number
of elements for the computational domain was approximately 260,000. The
comparison between the modeling results and experimental data is illustrated in Fig.
3.1. From the graph, it can be seen that both the theoretical calculations and
simulation results are reasonably consistent with the experimental data, which
proves the feasibility of the models as the tools to predict the magnetic field
distribution.

Fig. 3.1 Validation of the magnetic models.

3.3.2 Circular coil vs. square coil
Currently, circular and square Helmholtz coils are widely used to generate uniform
magnetic fields. The interest in polygonal coil systems of high homogeneity is also
rising. Therefore, it is necessary to analyse the performance of a polygonal coil so
that we can decide which shape of a coil can be used for the Helmholtz coil system.
Since the distance between the center and each side is identical, the magnetic field
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intensity H should be equal to the contribution from one side multiplied by the
number of sides. Therefore, the magnetic field intensity at the center of a polygonal
coil (shown in Fig. 3.2) can be calculated by
π /n

i

−π / n

4π r

H = n∫

cos α d α =

ni
π
sin
2π r
n

,

(3.16)

where, n is the number of sides, which is no smaller than 3.
When n trends to be infinitely large, the magnetic field H approaches the maximum,
identical to the value from a circular coil, shown in both Eq. 3.17 and Fig. 3.3.

lim

n → +∞

ni
π
ni π
i
sin =
⋅ =
2π r
n 2π r n 2 r

.

(3.17)

Three-dimensional FE simulations are also performed to compare the performance
of circular and square Helmholtz coils. Fig. 3.4 shows the magnetic distributions at
the middle plane of the two types of Helmholtz coils with the comparable
dimensions and identical current input. From Fig. 3.4, it can be seen that the circular
one can generate higher magnetic field intensity.
Based on the outcome of this analysis, it is advantageous to choose a circular coil
rather than a polygonal coil for the external electromagnetic system due to the
desire for a higher magnetic field intensity.

Fig. 3.2 Diagram of a polygonal coil.
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Fig. 3.3 The relationship between H (at the center) and the number of sides for a polygonal
coil, I = 1 and r = 1 assumed.

Fig. 3.4 A circular Helmholtz coil vs a square Helmoholtz coil regarding magnetic field
intensity from 3D FE simulation results.

3.3.3 Rotating magnetic field and multiple-axial Helmholtz coils
In order to make the magnetic capsule constantly spin, a rotating magnetic field is
required. To generate a magnetic field constantly rotating in one plane, two
Helmholtz coils are needed. They are placed in an axial orthogonal position. Two
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sinusoidal currents flow through the coils, respectively. The phase difference is π/2
between these two currents. However, this biaxial Helmholtz coil system can only
make the spiral-type capsule travel forward or backward and cannot steer the
robotic capsule freely since the magnetic field is only rotating in the fixed plane,
either clockwise or anti-clockwise. A tri-axial Helmholtz coil system, shown in Fig.
3.5, is proposed for the capsule’s steering capability. By changing the electric
currents through the coils, this electromagnetic system is able to change the
rotational plane of the rotating magnetic field, and consequently change the
propulsion direction of the robotic spiral-type capsule.

Fig. 3.5 Schematic diagram of a tri-axial Helmholtz coil system.

In a tri-axial Helmholtz coil system, the sinusoidal currents required for the three
axes are given by:
I x = I 0 sin ωt cos β
Iy =

ry
rx

I 0 sin ωt sin α sin β +

(3.18)

π

I 0 sin  ωt +  cos α
rx
2


ry

(3.19)
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Iz =

rz
r
π

I 0 sin ωt cos α sin β + z I 0 sin ωt +  sin α
rx
rx
2


(3.20)

where, rx, ry, rz are the radius of the coils of three axes, respectively; α is the
deflection angle between the axis of the rotational plane of the magnetic field and
z-axis; β is the deflection angle between the axis of the rotational plane of the
magnetic field and the horizontal plane.
For y-axis (Eq. 3.19) or z-axis (Eq. 20), a combination of two electric currents with a
phase difference of 90° is needed.
3.3.4 Construction of the external electromagnetic system
Three Helmholtz coils are winded for constructing a tri-axial Helmholtz coil system.
Their sizes are designed so that they can physically fit to each other when forming
these three Helmholtz coils, as shown in Fig. 16. The internal diameters of the coils
are 390mm, 450mm and 540mm, respectively. From Eq. 3.18 to Eq. 3.20, it is seen
that there is only one electric loop for the smallest coil while there are two loops for
the intermediate or largest coil for fully functioning the tri-axial coil system. The
loop for the smallest pair of coils has 300 turns of wire. Each of the two loops for the
intermediate pair has 400 turns and the same turns of wire are winded for the two
loops of the largest coil. In order to avoid interference with magnetic field, the coils
cannot be supported by iron or steel materials. In our early work, they were housed
in a timber frame, which is shown as the experimental platform in the next chapter.
Afterwards, an aluminium frame was designed and constructed to replace the
timber frame and accommodate all the coils. As shown in Fig. 3.6(a), the frame can
be opened so that a phantom or other types of container (to test the robotic
capsule’s locomotion) can easily be located in the region of the uniform magnetic
field of the electromagnetic system. The diagram and the coils with the frame are
shown in Fig. 3.6 (a) and (b), respectively.
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Fig. 3.6 (a) The diagram of an openable frame with three Helmholtz coils (b) The practical
frame with the coils.

For each Helmholtz coil, the pair is connected in series to make sure the same
current flows through. Two simultaneous signals are required for operating a biaxial
Helmholtz coil system. Three signals are required if the robotic capsule only needs
to travel in the horizontal plane. To navigate the robotic capsule three-dimensionally,
the tri-axial coil system needs to be fully functioned, in which, five signals are sent
to the five loops of the coil system at the same time.
Matlab and an interface program named as QuaRC are utilized to generate the
sinusoidal signals on the computer. These digital signals are sent to the data
acquisition (DAQ) board (NI USB-6251) and converted to the analog outputs. Due to
the use of this computer-based signal-generating system, amplitude and frequency
as well as phase of a signal can easily be controlled. After that, the power supplies
and the low-frequency power amplifiers are employed to augment the analog
outputs to the AC current with the required magnitude. BM800П by Biema is used
as the amplifier, which has two channels and offers a power of 750W for each one.
Five channels of such a kind are required to amplify five signals in order to fully
operate the tri-axial Helmholtz coil system. A schematic diagram of the system is
35

Chapter 3 – Magnetic actuation of a robotic capsule endoscope

shown in Fig. 3.7.

Fig. 3.7 Schematic diagram of a multi-axial Helmholtz coil system.

The ultimate aim of an in-body robotic system is to perform in-vivo operations, for
which the coils need to be large enough to accommodate a live animal or even a
human patient. Once the distance between the coils and the robot increases, the
magnetic field intensity drops rapidly. To maintain the field intensity, the electric
currents need to be much stronger, which puts a quite high requirement on the
power supply and the winding wires (need to be thicker to hold stronger currents).
It is possible to meet both the requirements. As presented in the literature, some
existing clinical equipment, such as MRI [6] and the Stereotaxis system [65], is
capable of providing this magnitude of magnetic field intensity together with a
space to accommodate a human patient.
In this study, our electromagnetic system is only built to test the propulsion concept
of a robotic spiral-type capsule. Therefore, the physical sizes of the coils are
designed to provide an operational region of approximately 200mm x200mm
x100mm, which should be adequate to house a segment of intestinal sample
together with its support for conducting some in-vitro experiments at this stage of
conceptual design. Besides, due to using small coils, the requirement for the power
is also lowered much to save costs. In the future, when it enters the final stage and
in-vivo tests are necessary, a larger coil system with the corresponding power supply
will be developed for the concept reported in this chapter. Alternatively, we can
employ the existing clinical equipment (e.g, MRI, the Stereotaxis system) by
modifying some of their settings so that these commercial devices can be adapted
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to our application.

3.4 Conclusions
Magnetic actuation is a promising approach for active locomotion of a robotic
capsule endoscope. Compared to the direct pulling, a spiral-type robotic capsule
actuated by a rotating magnetic field shows some advantages regarding
controllability of motion and simplicity in generating a magnetic field with enough
intensity. Therefore, this scenario of magnetic actuation is adopted in this work.
The rotating magnetic field can be produced by a multi-axial Helmholtz coil system,
with the field intensity kept uniform in the operational region for the robotic
capsule. Circular coils are selected for the coil system based on the theoretical
calculations and finite element analysis. The coils are accommodated into an
openable aluminium frame. With the controllable electric currents connected, the
external electromagnetic system is built to provide a robotic WCE with wireless
power and reliable magnetic actuation in the in-vitro experiments.
After addressing the issue of actuation, it is the locomotion mechanism that needs
to be investigated thoroughly. The locomotion mechanism determines if the
mechanical energy from actuation can be converted to an effective and efficient
movement for the robotic WCE. We have selected a spiral structure wound on the
capsular body to transform the rotation to the linear movement. Presented in the
following chapters, the significant efforts are made to optimise the robotic capsule’s
traction topology as well as operating conditions (e.g., rotating speed by actuation)
in order to obtain a satisfactory performance from the robotic capsule.
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Chapter 4
Propulsion analysis of a spiral-type robotic
capsule in a full-fluid environment
This chapter aims to optimise the traction topology of the capsule robot and the
corresponding operating conditions (e.g., rotating speed) so that the locomotion
module can be well adapted to the application: working inside the GI system. Due to
the presence of the intestinal mucus, a thin film forms between the capsule’s outer
surface and the GI tract’s inner wall [70]. This follows that the robot interacts with
the mucus film rather than making a direct contact with the intestinal wall. The film
responds to the capsule’s movement and generates a reaction force, which is
transmitted to the capsule via the fluid-solid interface. Based on the assumption of a
tubular full-fluid working environment, both finite element analysis and
experimental investigation of propulsion of a spiral-type capsule are performed
inside a simulated environment: a vinyl tube (with the comparable size to the
intestine) filled with silicone oil.

4.1 Computational fluid dynamics (CFD) modeling
4.1.1 Numerical fluid dynamic analysis
To establish the fluid dynamic model for the film, we make several assumptions.
Firstly, the deformation of the GI tract is not considered and the tract is always
coaxial to the capsule’s cylindrical shape. Secondly, the mucus is considered as a
viscous and incompressible fluid. Lastly, since the one objective of this study is to
investigate the effects of various helical structures on the performance of the
capsule robot, the influence from two semi-spherical ends of the capsule is
neglected and only the sections wound with the spirals are modelled.
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Computational fluid dynamics (CFD) is employed to numerically investigate the
mechanical behavior of the mucus film and its consequent impact on the propulsion
of the capsule. A steady-state Navier-Stokes equation [28], given below, is solved for
the incompressible viscous fluid.

 ∂u
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(4.3)

where, u, v and w are the velocities in the x, y and z directions, respectively, ρ is
the fluid density, p is the pressure, and µ is the dynamic viscosity.

4.1.2 General setup
In this study, only the cylindrical section of the capsule coupled with the wound
spirals are simulated. The dimensions of a Pillcam SB2 capsule (Given Imaging) are
adopted in the model. Excluding the semi-spherical ends, the basic capsule has the
length of 15 mm and the diameter (without spirals) of 11 mm. Although the mucus
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is a non-Newtonian fluid, it is reported that considering it as a Newtonian one is
acceptable for the fluid dynamic analysis of the intestinal lumen [70]. For the sake of
simplicity, the properties of a typical viscous fluid are used instead of those of the
human mucus. The density ρ is 960 kg/m3 and the kinematic viscosity υ is 10-4
m2/s except in the simulations investigating the effect of viscosity in subsection 4.1.9.
The flow is laminar due to a very small Reynolds number. The computational domain
is surrounded by four boundaries: the capsule’s exterior surface, the intestine’s
interior surface, the inlet and outlet of the fluid. Since the fluid is initially at rest,
either the inlet or outlet is set as the boundary type of ‘opening’, with the relative
pressure of 0 Pa. Here, the reference pressure is set as 1 atm.
In reality, the capsule is rotating and moving inside the intestinal lumen filled with
mucus. However, in the CFD analysis, it is more convenient to setup the motions of a
fluid and a cyclical boundary. Therefore, to obtain the relative rotation for the
spiral-type capsule, its non-cylindrical surface is set stationary while the whole fluid
domain and the intestine’s wall (cylindrical boundary) are set rotating about +Z axis.
4.1.3 Pressure distribution on the spiral-type capsule
Fig. 4.1 shows the pressure contour on the spiral-type capsule’s surface from one of
the simulation results. Only one spiral is wound. The lead (the axial distance as a
spiral finishes one loop, as shown in Fig. 4.1) is 3 mm and the height is 1 mm. In Fig.
4.1, the pressure difference between the two sides of the spiral can be clearly seen.
Fig. 4.2 depicts a detailed pressure distribution on the capsule’s surface in the
longitudinal direction. It is seen that the pressure fluctuates because of the
presence of the spirals. In Fig. 4.1, the right-side of a spiral impinges the flow first
due to the rotation and the pressure reaches a peak value on the surface of this side.
As the flow passes the spiral, the pressure drops very quickly to a minimum value on
the surface of the other side. As a result of the pressure difference between two
sides, there is a net force perpendicular to the spiral. The circumferential
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component of this net force makes contribution to the resistive torque on the
capsule while the axial component is the one generating the necessary propulsive
force for the capsule.

Fig. 4.1 The pressure distribution on the spiral-type capsule’s surface.
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Fig. 4.2 The pressure distribution on the spiral-type capsule’s surface in the longitudinal
direction.

4.1.4 Effect of different rotating frequencies
4.1.4.1 Simulation procedures
The movements of a spiral-type capsule under different rotating frequencies are
modeled in the CFD simulations. Two spirals are wound on the basic capsule. The
cross-section is a round shape. The lead and the height are 3 mm and 1 mm,
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respectively. To prevent any damage to the GI tract, it is better for a medical robot
not to move too fast. Therefore, the rotating frequency is limited to from 1 to 5 Hz
in this set of simulations.
4.1.4.2 Results and discussion
The propulsion velocity and the frictional torque are illustrated in Figs. 4.3 and 4.4,
respectively. From the graphs, it is seen that both the parameters are proportional
to the rotational speed (i.e. the frequency) of the capsule. Increasing the rotational
speed makes the capsule move faster but requires more power to overcome the
frictional torque. Thus, changing the rotational frequency does not make any
difference to the energy efficiency of the capsule’s propulsion.
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Fig. 4.3 Propulsion velocity as a function of the rotating frequency.

Frictional torque (mN*m)

0.08

0.06

0.04

0.02

0

1

2

3
Frequency (Hz)

4

5

Fig. 4.4 Variation of the frictional torque with the rotating frequency.
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4.1.5 Effect of different leads
4.1.5.1 Simulation procedures
The movements of the capsules wound with different helical structures have been
simulated by the CFD analysis. Each spiral has a round cross-section, which is
consistent with the experimental setup. In the first set of simulations, only one
spiral with the height of 1 mm and the diameter of 1 mm is adopted. Since the
winding-section is constant, the spiral has the same dimension (15 mm) in the
longitudinal axis in each case. The only parameter changed here is the lead so that
the effect of different leads can be investigated. In the second set of simulations, all
the parameters are kept the same except that two spirals are used. The frequency of
1 Hz is used in both sets of simulations.
4.1.5.2 Results and discussion
It is seen from Fig. 4.6 that, as the lead increases, the magnitude of the frictional
torque decreases initially. After the lead reaches 20 mm, the torque becomes
constant in each set of simulation results. As for the propulsion velocity, with the
rise of the lead, it increases first and then reaches a peak. This peak happens when
the lead is 20 mm. After that, it starts to decline when the lead is increased. This
behaviour is obtained for the capsule with one or two spirals. This optimized lead is
between 20 and 35 mm, which is approximately the perimeter of the screw cylinder.
In this case, the helical angle approaches to 45° and the rotational momentum can
be converted to the translational momentum with the best efficiency.

43

Chapter 4 – Propulsion analysis of a spiral-type robotic capsule in a full-fluid environment

Fig. 4.5 Variation of the propulsion velocities with different leads (‘*’: one spiral, ‘o’: two
spirals).

Fig. 4.6 Variation of the frictional torque with different leads (‘*’: one spiral, ‘o’: two spirals).

4.1.6 Effect of different numbers of spirals
4.1.6.1 Simulation procedures
The effect of the number of spirals is also investigated by the CFD analysis. The
cross-section of the spiral is a round shape and its height is 1 mm. The lead is kept
constant as 12 mm. The only parameter changed is the number of spirals; it is
changed from 1 to 4 in the simulations. The frequency of 1 Hz is used in this set of
simulations.
4.1.6.2 Results and discussion
The results are described in Figs. 4.7 and 4.8.
44

Chapter 4 – Propulsion analysis of a spiral-type robotic capsule in a full-fluid environment

Propulsion velocity (mm/s)

0.9
0.85
0.8
0.75
0.7
0.65

1

2
3
Number of spiral

4

Fig. 4.7 Variation of the propulsion velocities with the number of spirals.
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Fig. 4.8 Variation of the frictional torque with the number of spirals.

It is observed that the frictional torque keeps increasing when the number of spirals
increases because the contact area is increased due to the addition of new spirals.
Although the driving force from a pressure difference is enhanced with more spirals,
the drag force also increases because of the rise in the shear force caused by the
increased contact area, which consequently produces an adverse effect on the
capsule’s propulsion. As for the propulsion velocity, it is seen that the increment is
relatively large when the number of spirals is increased from one to two. This
increment is obviously reduced as the spiral number increases from two to three. As
more spirals are used, the propulsion velocity starts dropping, which means that
more drag is generated than the propulsive force due to the increase in the number
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of spirals. Although the capsule with three spirals moves faster than the one with
two spirals, its frictional torque increases faster than the propulsion velocity.
Therefore, from the energy efficiency point of view, the best configuration is a
capsule with 2 spirals, which is in agreement with the experimental results
presented in [60].
4.1.7 Effect of different heights of spiral
4.1.7.1 Simulation procedures
The effect of the spiral height on the propulsion velocity is investigated. The
cross-section of the spiral is a round shape. One spiral with a lead of 6 mm is used.
The spiral heights are chosen as 1 mm and 2 mm. Since the diameter of the GI tract
is assumed constant for all analyses, the diameter of the basic capsule is reduced to
9 mm due to the increased spiral height of 2 mm. The frequency of 1 Hz is used in
this set of simulations.
4.1.7.2 Results and discussion
The results are shown in Table 4.1. It is seen that the higher is the spiral height, the
faster is the movement and the higher is the frictional torque. Besides, the fluid
domain, or namely the size of the tube, should be large enough to accommodate a
micro machine with such high spirals. Otherwise, the trade-off for this better
propulsion performance is the reduced inner volume of the capsule, which is not
desirable for in-body robotic applications.
Table 4.1 Effect of different spiral heights on the propulsion
velocity and frictional torque
Spiral height
Velocity
Torque
(mm)
(mm/s)
( mN·m)
1
0.4350
-0.0143
2
0.8688
-0.0210
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4.1.8 Effect of different cross-sections of spirals
4.1.8.1 Simulation procedures
The CFD simulations are conducted to study the effects of spirals with different
cross-section profiles. Two spirals are adopted. Their lead and the height are kept
constant, as 20 mm and 1 mm, respectively. Four rectangular shapes with different
ratios of ‘a’ to ‘b’ (shown in Fig. 4.9) are simulated. The second type of cross-section
is a triangular shape, shown in Fig. 4.10. The third type of cross-section is a
trapezoidal shape, shown in Fig. 4.11. The fourth type of cross-section is the
combination of a half-round and a rectangle, shown in Fig. 4.12. The round-shaped
cross-section with the diameter of 1 mm is also included in the comparison. All
simulations are performed with the frequency of 1 Hz.

Fig. 4.9 Rectangular-shaped cross-section.

Fig. 4.10 Triangular-shaped cross-section.
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Fig. 4.11 Trapezoidal-shaped cross-section.

Fig. 4.12 The cross-section based on the combination of a half-round and a rectangle.

4.1.8.2 Results and discussion
The simulation results for different shaped cross-sections are summarized in Table
4.2. In terms of the rectangular shapes, it is seen that increasing spiral’s width
results in an increased propulsion force and velocity. However, the torque required
to drive the rotation also increases. When the height and width are the same as 1
mm, the performance is the best from the energy efficiency point of view by
accounting for both propulsion velocity and frictional torque. Regarding the
triangular shapes, it is observed that the propulsion velocity drops approximately by
half compared to those of the rectangular ones with comparable dimensions. The
best performance among three triangular shapes comes from Type 2, whose
impinging side is perpendicular to the flow direction. As for the trapezoidal shapes,
Type A outperforms Type B, which suggests that the length of the upper side of the
trapezoid is more important regarding the hydrodynamic performance of the spiral.
From Table 4.2, both combination-shaped and round-shaped cross-sections show a
lower performance compared to the rectangular cross-sections.

However,

considering minimal invasion to the organs, the ones with round (or partly round)
contact profiles might be safer due to the absence of sharp edges.
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To summarize the effect of different cross-sectioned spirals on the propulsion
efficiency, the best one is a rectangle whose width and height are both 1 mm.
Though increasing the width of the rectangle can increase the velocity, its
corresponding frictional torque relatively increases more.
Table 4.2 Propulsion performance with spirals of various cross-sections
Velocity
Torque
Cross-section profile
(mm/s)
(mN·m)
Rectangular, a × b (1.0 × 0.25)
1.638
-0.0127
Rectangular, a × b (1.0 ×0.5)
1.712
-0.0131
Rectangular, a × b (1.0 × 1.0)
2.181
-0.0153
Rectangular, a × b (1.0 × 2.0)
2.281
-0.0182
Triangular, Type 1
1.027
-0.0112
Triangular, Type 2
1.051
-0.0113
Triangular, Type 3
1.033
-0.0112
Trapezoidal, Type A
2.052
-0.0147
Trapezoidal, Type B
1.956
-0.0137
Half-round & rectangle
1.138
-0.0139
Round
1.058
-0.0138
4.1.9 Effect of different viscosities
4.1.9.1 Simulation procedures
The CFD analysis is conducted to investigate the influence of the fluid viscosity on
the propulsion efficiency. Three viscous fluids with the same density are tried. Their
kinematic viscosities are 10-4, 10-3 and 10-2 m2/s, respectively. The same dimensions
are used for the capsule. Two spirals with the height of 1 mm and the lead 12 mm
are used. The frequency is 1 Hz.
4.1.9.2 Results and discussion
The results are shown in Table 4.3. It is shown that the propulsion velocity of the
spiral-type capsule is almost not affected by the change in the fluid viscosity.
Therefore, it can be predicted that the propulsion is mostly influenced by the
capsule’s topology.
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Table 4.3 Propulsion performance of the capsule in different viscous fluids
Kinematic viscosity
Velocity
Torque
2
(m /s)
(mm/s)
(mN·m)
-4
10
0.8163
-0.0150
-3
10
0.8169
-0.1506
10-2
0.8170
-1.507
4.1.10 Summary
From the CFD analysis, if a spiral-type capsule with a constant winding area (cylinder)
is adopted, the lead of the spiral should approximately be equal to the perimeter of
the cylinder and two spirals should be used. The higher spirals should be selected if
there is enough space allowed by the intestinal lumen. As for the effect of
cross-section, the best one is a rectangle whose width and height are both 1 mm.

4.2 Experiments in a tube filled with silicone oil
4.2.1 Experimental setup
A dummy Pillcam SB2 capsule (Given Imaging) was adopted as the base of the
capsule robot. A permanent magnet was embedded at the centre of the capsule.
The magnetization (~6600 Gauss) of the NdFeB magnet was in the diameter
direction of the capsule. A segment of brass wire (diameter = 1mm) was wound
around the outer surface and acted as the spiral structure. The winding section is
the cylindrical part of the capsule so that each spiral structure can have the same
length (15 mm) in the longitudinal axis. The robotic capsule with one spiral is shown
in Fig. 4.13.

Fig. 4.13 The endoscopic capsule wound with a spiral.

To generate a rotating magnetic field, two Helmholtz coils (circular) were located in
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an axial orthogonal position and applied with two sinusoidal currents with π /2
phase difference (Eqs. 3.18 – 3.20, in which both  and  are equal to 0). A
detailed description of how to generate the current inputs has been reported in our
previous work [71]. The normal vector of the rotational field plane was
perpendicular to both axes of the two Helmholtz coils. The rotation of the magnetic
field and the capsule are in synchronization.
To simulate the GI tract, a 0.4 m vinyl tube whose internal diameter was 20mm, was
placed along the coils’ axis. The tube was well levelled and mounted on an elevator
platform. One end of the transparent and flexible tube was sealed by attaching a
piece of glass to prevent any liquid leakage while the other end was open in order to
feed the liquid and the capsule in afterwards. The experimental setup is illustrated
in Fig. 4.14.

Fig. 4.14 The general view of the experimental setup (coils housed by a timber frame).

A camera (IMAQ PCI/PXI-1428) was employed to record the capsule’s movement for
the estimation of the capsule position, and the further analysis of the propulsion
velocity.
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4.2.2 Experimental Procedures
The silicone oil ( ρ =960 kg/m3, υ =10-4 m2/s) was filled into the tube to create a
fluidic and tubular environment, which simulates the digestive tract inside the
human body. The amplitudes of the two current inputs were adjusted so that each
Helmholtz coil could produce an oscillating magnetic field with identical amplitude
in the operational region. The frequencies of two currents were identical to each
other and were always altered simultaneously. The robot has different spiral
structures wound on its outer surface. The effects of the lead and number of spirals
were experimentally investigated.
3.2.3 Experimental Results and Discussion
Once the sinusoidal currents went through the coil system, the robot started to spin
in response to the rotating magnetic field. The rotational frequency was identical to
the frequency of the input signals. Due to the presence of the spiral, the capsule
generated a translational movement along the tube. The moving direction was
consistent with the rotational axis, which was perpendicular to both axes of the
Helmholtz coils. During the movement, the capsule stayed at the bottom of the tube
due to its weight over the buoyancy. Therefore, the spirals contacted the tube wall
and interacted with the silicone oil as well.
Figs. 4.15 (a) and (b) show the propulsion velocities of the capsule robot with the
different leads for different frequencies. As shown in the graphs, the magnitudes of
the propulsion velocities are comparable to those in the simulation results. With
one spiral, once the lead increases from 3 mm to 6 mm, the increase in the
propulsion velocity is obvious. However, the velocity drops when the lead is raised
further to 12 mm. Since the length of the spiral structure is fixed as 15 mm in the
longitudinal axis, the helical length in the circumferential direction is shortened as
the lead increases. This causes more geometrical asymmetry and makes the robot
less balanced about the longitudinal axis. It was observed that the capsule was a
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little shaky when it was moving forward and this phenomenon became more
apparent as the lead was increased. Therefore, this unsteady motion is most likely
to be the reason for the decrease in the propulsion velocity. In Fig. 4.15(b), the
effect of unbalancing can be alleviated by adding more spirals. With two spirals, the
lead of the best performance goes up to 20 mm instead of 6 mm, which is very
similar to the prediction from the CFD simulations in the previous section. Regarding
the effect of the rotating frequency, as shown in Fig. 4.15, the propulsion becomes
faster when the frequency increases from 1 to 3 Hz, except for the capsule with a
relatively high lead (35 mm). However, the experimental velocity is not proportional
to the frequency, different from the case in the simulation results discussed above.
The rate of increase drops as the frequency increases. During the experiments,
when the rotation becomes faster and faster, the influence due to the mass center
being closer to the rear half became more obvious, which made the front half of the
capsule slightly up. The capsule’s rotational axis was offset from the orientation of
the tube, which could reduce the effective propulsion. We postulate that this might
be the reason why the velocity starts slowing down when the frequency is increased
beyond 3 Hz. As discussed above, the increased lead causes more unbalancing of
the body and consequently more unsteady motion of the capsule. This effect could
make the turning point of the velocity’s dependence on the frequency happen
earlier, when a higher lead is used. In Fig. 4.15 (b), it is shown that the propulsion of
the capsule with the lead of 35 mm starts to become slower when the frequency
reaches 2 Hz.
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Fig. 4.15 Velocities of the robotic capsule with one spiral (a) and two spirals (b) of different
leads, P: lead, H: spiral height, S: number of spirals.

Fig. 4.16 shows the effect of the number of spirals. It is seen that that the robot with
two spirals has the best performance in terms of the propulsion velocity. Different
from the numerical prediction, the capsule with three spirals shows slightly slower
propulsion. Though the capsule with three spirals can generate more driving force,
the increased number of spirals leads to a larger surface area, which gives rise to a
larger frictional force. In the experiments, the spirals contacted not only the fluid
but also the tube’s bottom, which can cause more friction rather than propulsion for
the capsule. Therefore, the net propulsion force decreases and consequently makes
the propulsion velocity smaller compared with that with two spirals. In general, the
experimental results show a similar trend regarding the effect of the number of
spirals, compared with the predictions based on the CFD analysis.
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Fig. 4.16 Velocities of the robotic capsule with different number of spirals.

4.3 Conclusions
A spiral-type endoscopic capsule was propelled in a fluidic and tubular environment
using electromagnetic actuation. Both modeling and experimental approaches were
employed to characterize the propulsion of the capsule robot.
The numerical results from the CFD analysis indicate that the propulsion velocity
increases initially as the lead is raised. It reaches a peak when the lead is slightly
lower than the perimeter of the capsule and at that time the helical angle
approaches 45° when two or more spirals are used. When only one spiral is used,
the optimized lead becomes smaller due to the unbalancing of the whole body of
the spiral-type capsule. The CFD analysis suggests two spirals as the best
configuration regarding the number of spirals. The CFD simulation results also show
the benefit of higher spirals as long as the size of the GI tract allows. As far as the
cross-section of the spiral is concerned, the rectangular spirals whose width and
height are both 1 mm give the best propulsion performance.
The experiments were performed in a vinyl tube filled with a viscous fluid to
simulate the environment of the intestinal lumen. The experimental results agree
well with the CFD results. In these experiments, the capsule robot contacted not
only the fluid but also the tube surface. An unsteady motion occurred due to the
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geometrical asymmetry about the longitudinal axis. The increase in either the lead
or the rotation frequency can worsen this unbalancing phenomenon, which reduces
the capsule’s effective propulsion. Therefore, it is important to consider the
conversion efficiency from rotation to translation as well as the balancing of the
robot. Of all the experiments, an endoscopic capsule with two spirals with a height
of 1 mm and a lead of 20 mm exhibits the best performance when it was
magnetically propelled by a rotating magnetic field with the frequency of 2 Hz. This
optimized topology is in agreement with the CFD prediction.
Since it is far from being ready to test the prototype inside a human patient’s GI
tract at this stage (for reasons such as safety consideration, lack of reliable tracking
technology, etc.), it is a good practice to start from the tests in a simulated
environment. This chapter provides a useful guide and serves as a preliminary step
for optimising the locomotion system. However, there is significant discrepancy
between the real working environment and its simulated counterpart, including the
difference between soft tissue and vinyl as well as the difference between silicone
oil and gastrointestinal mucus. Therefore, it is desired that this discrepancy can be
minimized by employing a simulated environment with closer to the real
environment within the GI tract. For this reason, a real intestine of a mammal will be
a good choice as a platform for the further tests in order to accurately evaluate the
performance of the proposed robotic capsule. The study with a real intestine starts
from the next chapter, which will offer a credible reference for developing and
optimising the locomotion system of such a robotic capsule for medical purpose.
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Chapter 5
Experimental investigation of biomechanical
and biotribological properties
of a real small intestine
As the working environment of a WCE, the gastrointestinal (GI) tract is known as a
soft, slippery and tortuous human natural pathway. The intestinal wall naturally
collapses due to its own weight and other organs’ pressure [72]. The passage of an
endoscopic capsule leads to the distension of the deflated tract and the
consequently, the frictional resistance considerably influences the capsule’s power
requirement and energy consumption for active locomotion, which is one of the key
issues to address for a robotic WCE. Moreover, except for the capsules propelled
using a magnetic pulling force, most of the other proposed propulsion are based on
the reaction force between the capsule and the GI tract, which could be shear force
(biotribology) or normal force due to the intestine’s deformation (biomechanical). In
our proposed locomotion approach, a spiral-type capsule converts its rotational
energy to translational propulsion by exploiting the axial component of the normal
force exerted on the attacking side of the spiral structure by the deformed intestine.
Therefore, the contact with the intestinal interior surface not only causes resistance,
but also generates propulsive force for the robotic capsule’s locomotion. Thus, it is
critical to understand the biomechanical and biotribological properties of the GI
tract in order to optimise the propulsion efficiency of a self-propelled endoscopic
capsule.
This chapter reports on the results and implications of our experimental
investigation into the biomechanical and biotribological properties of a real intestine
for the optimal design of a spiral-type robotic capsule. A three-parameter model is
employed to predict the viscoelastic behaviour of the intestine within the range of
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linear viscoelasticity. Theory of rubber friction is employed to describe a close
interrelation between the sliding friction on the intestine and the internal friction of
the intestinal tissue. The significant implication of this finding is that one can predict
the reaction force between the capsule with a spiral-type traction topology and the
intestine directly from the intestine’s biomechanical measurements rather than
employing complicated and time-consuming 3D finite element analysis (FEA) or an
inaccurate analytical model. Sliding friction experiments were also conducted with
different bar-shaped solid samples to determine their sliding friction on the inner
surface of the small intestine, which mimics the sliding friction between a
spiral-type robotic capsule operating in an intestine. This sliding friction data will be
useful in determining the spiral material for an optimally designed robotic capsule.

5.1 Some studies on biomechanical and biotribological properties of GI
tract in the literature
Recently, some key research work has been reported on the biomechanical and
tribological properties of the GI tract. Slatkin reported a detailed study about
mechanical behaviour of the small intestine in his dissertation [73]. The biaxial
strain-stress tests were conducted on both living and dissected intestinal tissues.
The two sets of experimental data were reported to exhibit reasonable consistence,
which implies that measurements from in vitro experiments can be used for
demonstrating biomechanics of the intestinal tissues. In addition, a biomechanical
model was developed and further incorporated into numerical simulations, to
predict the imposed loading and internal stress due to the intrusion of an
endoscopic robot. Miftahof and Fedotov developed a mathematic model to predict
a non-deformable solid propelled through an intestinal lumen (described as a thin
deformable biological shell) [74]. Ciarletta and the co-workers reported their efforts
to model the intestinal wall as a hyperelastic layered structure [75]. The modeling
results were compared to the experimental data and fitted each other with good
accuracy. Bellini et al. proposed a constitutive model, with parameters identified
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from planar biaxial test data, to predict biomechanical response of the small bowel
under complex loading [76]. Egorov and the co-workers reported the tensile
properties of the human GI tract by the experiments with both cadaveric and
surgically samples [77]. Baek et al. measured the frictional resistance of capsules
with different shapes and dimensions moving along porcine small intestinal samples
and concluded that a smooth cylindrical capsule with a smaller diameter performed
better in avoiding translational friction [78]. In their work, they investigated the
small intestine’s properties further and reported on a viscoelasticity model for the
stress relaxation [79] as well as an analytical model [80] to predict the friction from
a linear movement of a smooth cylindrical capsule inside the small intestine. Terry et
al. performed experiments on active forces from the myenteron, biomechanical
response, mucus adhesivity and tribology of the porcine small intestine [81]. The
biaxial stress-stretch response was revealed and the intestinal tissue was reported
to show typical behaviour of collagenous material. By comparing the in-vivo and
in-vitro tribometry tests, it was suggested that the coefficient of friction (COF) might
slightly increase as the tissue became dead. Zhang and et al. developed an analytical
model to predict velocity-dependent friction of a capsule moving inside an intestinal
lumen [82]. The model has taken into account three parts of resistance, including
environmental resistance (net normal force due to the intestine’s deformation),
viscous friction (due to adhesive effect from mucus) and coulomb friction (product
of local normal force and coefficient of friction). Wang and the co-workers reported
a quasi-static model to study the friction of a rolling contact on an intestinal surface
[83]. A three-element viscoelastic model was used in their work to obtain the stress
from the strain of the soft tissue and then the friction was further predicted by
involving coefficient of friction. Wang and Meng conducted a series of tests with 15
plastic capsules of various diameters and lengths inside the segments of porcine
small intestine [84]. The resistant forces from 20 to 100 mN were measured for the
capsules which had the diameters in the range of 8 to 13 mm and the translational
speed of 0.5 mm/s. Wang and Yan performed the tests by pulling a set of specially
prepared frictional samples with different surface profiles on planar open intestinal
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samples [85]. The tests showed that a flat contact surface caused the least
resistance while a triangular one led to the most. Allison and et al. measured the
sliding friction of a translating sled and the internal surface of a pig’s small bowel
[86]. Their measurements showed the velocity dependence of the coefficient of
friction under the intestine’s in vitro condition. In the range of 0.5~6 mm/s, the
coefficient of friction was almost proportional to the translating velocity, ranging
from 0.007 to 0.054. Kim and Kim measured the propulsion force of a few
spiral-type capsules with different spiral structures inside the intestine at the same
rotating speed [87]. In their experiments, a spiral structure with the height of 1mm,
6 turns and helical angle of 10° showed the highest propulsion. However, only
three spiral heights (0.5mm, 0.75mm and 1mm) and only three helical angles (10°,
20° and 40°) were tested to show the effect of the spiral height and helical angle,
respectively. Besides, since only one spiral was adopted, the total length of the spiral
with 40° helical angle was much shorter than its counterpart with a 20 helical
angle. This might be the reason for decreased propulsion. If increasing the total
length of the spiral with a 40° helical angle by adding one or two more spirals, its
performance in propulsion may be improved. Therefore, more configurations need
to be investigated to identify an optimised spiral structure for a spiral-type capsule.

5.2 Biomechanical property of the small intestine
5.2.1 Experimental setup
Tensile or/and compression tests are usually employed to study mechanical
properties of a material. For a spiral-type robotic capsule, the robot moves inside
the GI lumen through the traction provided by the spirals, which cause a shear
strain in the internal surface of the intestine. Therefore, in this study, a parallel-plate
rheometer (MCR301, PaarPhysica, Germany) was used to measure the small
intestine’s biomechanical property in dynamic shearing conditions, which is very
similar to the loading conditions of a spiral-type robotic capsule.
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The intestine with the average thickness of 1 mm was firstly immersed in the
physiological saline to avoid tissue rupture. It was, then, cut open and cleaned.
Three round samples with a diameter of 20 mm were prepared from it. For each
test, a sample was placed between the base and a rotary disk, with the internal
surface upwards. No relative sliding was allowed at the interface between the
sample and the device during the experiments. For recording and processing the
measurements, the rheometer is connected to a LabVIEW-installed computer via a
data acquisition (DAQ) board (PCI-6221, National Instruments). The schematic
diagram of the experimental setup is shown in Fig. 5.1.

Fig. 5.1 The schematic diagram of the experimental setup for the biomechanical tests of the
small intestine [88].

5.2.2 Steady-state shear testing
Under a rotary shear, the small intestine’s shear stress and shear strain were
measured at constant strain rates. Fig. 5.2 shows the stress-strain curves of the
preconditioned samples at the shear strain rates of 0.2/s and 0.3/s, respectively. In
each case, the shear stress increases as the strain is raised until it reaches the
rupture point. As shown in Fig. 5.2, a larger strain rate leads to an earlier rupture
point for the small intestine.
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To show the stress-strain relationship more clearly, the relaxation modulus (stress
divided by strain) is calculated and presented in Fig. 5.2, too. It is observed that the
modulus firstly drops very quickly when the strain increases. Then it enters a
relatively stable region and starts to increase. As the strain keeps rising, the modulus
drops again and finally gets into the rupture region. This strain-softening and then
strain-hardening process is not typical for a regular viscoelastic material, especially
synthetic ones such as rubber. However, this phenomenon exists for some biological
tissues. The same kind of process was observed and reported for porcine kidney by
Nasseri et al. [89]. One possible explanation is the process shown in Fig. 5.2 is due to
the combined effect of different parts of the small intestine. The intestine is
comprised of mucosa, submucosa, muscles, serosa, etc. Some of them are made of
cross-lined actin networks (CLANs), which have a strain-softening feature [90]. For a
shear test at low strains, this part possibly makes more effect. However, when the
strain becomes larger, the contribution from the polymer-like part such as the
external wall of the intestine starts to become dominant. We postulate that the
strain stiffening effect comes from this part.
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Fig. 5.2 The experimental results from steady-state shear tests.

Comparing two cases with different strain rates, it is shown that a larger strain rate
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results in a larger shear modulus. The similar effect of changing strain rate is found
for some other organs [91, 92].
5.2.3 Dynamic shear testing – amplitude sweep mode
The dynamic shear tests were conducted to further investigate the biomechanical
properties of the small intestine. In amplitude sweep mode, the driving frequency
was kept constant at a pre-set value of 5 rad/s and then the strain amplitude was
swept within a given range. Here, a relatively low strain range was used since we
consider that our application, the motion of a spiral-type capsule, does not cause
large shear strains to the small intestine when sliding on its inner surface.

Fig. 5.3 The storage and loss modulus from the strain amplitude sweep tests.

The storage modulus (G’) and loss modulus (G’’) are shown in Fig. 5.3. The linear
viscoelasticity (LVE) holds within a very small range of strain, ~1%. The low strain
limit of LVE is not rare for soft tissues [89, 93, 94, 95]. After the strain of 1%, both G’
and G’’ decrease as the strain increases, which means that the energy storage and
dissipation decrease with the increasing strain amplitude. The damping factor (tanδ),
also named as loss factor, is shown in Fig. 5.3 as well. It is defined by the ratio of G’’
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to G’, reflecting the contributions of the viscous and elastic portions of the material.
As shown in Fig. 5.3, the damping factor is far smaller than 1 for the swept strain
amplitudes, indicating a solid state and a dominant elastic feature of the small
intestine. Within the range of LVE, the damping factor changes little. Afterwards, it
starts to increase with increasing the strain, which implies an enhanced viscous
effect.
5.2.4 Dynamic shear testing – frequency sweep mode
The frequency sweep tests were carried out to investigate how the small intestine’s
biomechanical property changes with the frequency. The strain of the sample was
kept constant at 0.2% and only the angular frequency was altered. In the
experiments, the storage and loss modulus were obtained for the input frequencies
swept from 5 rad/s to 110 rad/s. The results are shown in Fig. 5.4. The storage
modulus increases rapidly as the frequency is raised, which means that the
intestinal tissue behaves more elastic when it is deformed at a higher frequency. Fig.
4 also shows the loss modulus measurements at different angular frequencies.
When the frequency increases, the loss modulus does not increase significantly. This
is different from the trend of the change in the storage modulus. These results
suggest that altering frequency has more influence on the stored energy (elastic
part) than it does in the energy dissipation (viscous part) within the tested range of
frequency, especially in the lower frequencies (up to 70 rad/s).
The frequency dependence of the damping factor is calculated and shown in Fig. 5.4.
The damping factor decreases when the frequency increases, which indicates the
more elastic-dominated property of the intestine [96]. However, after it reaches a
certain frequency (~50 rad/s in this case), the reduction in the damping factor
becomes slower because the loss factor starts to increase gradually.
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Fig. 5.4 The storage and loss modulus from the frequency sweep tests.

5.2.5 Dynamic shear testing – Lissajous loop
In the experiments, harmonic loadings were employed to study dynamic
characteristic of the small intestine. Fig. 5.5 shows the Lissajous loops of
strain-stress when the intestine was tested at the strain of 0.5% and under different
angular frequencies, respectively. The elliptical curves can be clearly seen in Fig. 5.5,
which shows the out of phase relationship of the strain and stress, and the linear
viscoelasticity of the material as well. The slope of the ellipse’s major axis indicates
the storage modulus while the elliptical loop area is an indication of the damping
capacity. It is seen that an increased frequency clearly increases the storage
modulus. However, the loop area doesn’t change much, which means the frequency
variation has a minor effect on the damping capability. All these observations agree
with the results discussed above.
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Fig. 5.5 The experimental results with harmonic loadings, identical strain and different
angular frequency.
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Fig. 5.6 (a) The experimental results with harmonic loadings, an identical frequency (5 rad/s)
and different strains, 0.1% and 1%.

The oscillatory tests with harmonic loading were also conducted to show the
Lissajous loops when the frequency was kept constant at 5 rad/s and three various
strains were used. Fig. 5.6(a) compares the results with the strain of 0.1% and 1%.
Both the strains are within the range of LVE. Therefore, the slopes of the loops’
major axes are identical, showing the same storage modulus. Fig. 5.6(b) shows the
results for the strains of 1% and 10%. It is seen in Fig. 5.6(b) that the Lissajous loop
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with the strain of 10% is not elliptical any more, suggesting that it is beyond the
range of LVE.
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Fig. 5.6 (b) The experimental results with harmonic loadings, an identical frequency (5

rad/s) and different strains, 1% and 10%.
5.2.6 A viscoelastic model
A standard three-parameter viscoelastic model [97] is used here to predict the
biomechanical characteristics of the small intestine. As shown in Fig. 5.7, k1, k2 and
c2 are the three parameters representing the elastic and viscous behaviour of the
small intestine. The input complex strain γ* and output complex stress τ* are also
shown in Fig. 5.7. With the complex modulus G*, the strain-stress relationship is
given by
τ∗ = G∗ γ∗ − (G + iG )γ∗ ,

(5.1)

where G’ and G’’ are the storage and loss modulus, respectively.
The storage modulus G’ and loss modulus G’’ can be calculated by
G′ =

(  )    
(  )  

,

(5.2)
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G′′ = (

  

 

  )  

,

(5.3)

where, ω is the angular frequency.
Assume a harmonic input for the shear strain as follows,
γ(t) = γ sin (ωt).

(5.4)

The shear stress can be calculated by

τ(t) = γ (G  + G  )sin (ωt + ∅),

(5.5)

where, ∅ is the phase difference between the strain and stress, determined by
∅ = tan (G ⁄G ).

Fig. 5.7 A three-parameter viscoelastic model.

5.2.7 Parameter identification
To identify the three parameters in the above model, a non-linear least square
optimization process has been used in this study. These material parameters were
estimated by means of minimizing the summed square of the error vector with the
experimental data presented above. A numerical search method, which is the
interior-reflective Newton algorithm, was used to solve the problem. It acquires the
approximate solution of a system by utilizing the method of preconditioned
conjugate gradients at each iteration. It is suggested that this method is efficient for
non-linear optimization problems [98].
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Twenty points from the measurement (shear strain = 0.1%) in Fig. 5.6 (a) were used
for the parameter identification. The values of k1, k2 and c2 are estimated as 3295 Pa,
2502 Pa and 1196 Pa s, respectively. These parameters were employed to predict
the rest of shear stress based on the given shear strain. Fig. 5.8 (a) shows the
reconstructed shear stress versus shear strain from the modelling results. It is seen
that the simulated results are well consistent with the experimental data. Moreover,
the calculated parameters were used again to predict the shear stress for the other
case (shear strain = 1%) in Fig. 5.6(a). The modelling and experimental results are
shown in Fig. 5.8 (b). The two plots match each other very well.
The model is used to calculate the parameters for the case (angular frequency =
1rad/s) shown in Fig. 5.5. The values of k1, k2, k3 are 3696 Pa, 2172 Pa and 1118 Pa s,
respectively. The estimated data also agree well with the measurements. After that,
these parameters were used again to model the other case in Fig. 5.6, in which the
same intestine sample was used for the experiment. By only changing the angular
frequency, the storage modulus and loss modulus were calculated for the case with
the angular frequency of 10 rad/s. Both the storage and loss modulus increase due
to the raised frequency, which is consistent with the trend from the measurements.
The discrepancy of magnitude in the storage modulus is within an acceptable range.
However, the discrepancy of magnitude in the loss modulus is relatively large. We
consider that the model needs to be further upgraded to accurately reflect the
frequency dependence for the small intestine.
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Fig. 5.8 (a) Simulated results versus experimental data (strain 0.1%).
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Fig. 5.8 (b) Simulated results versus experimental data (strain 1%).

5.3 Biotribological property of the small intestine
5.3.1 Rubber Friction
Herein, some literature on rubber friction is briefly introduced since it will be helpful
to understand the relationship between the mechanical properties (internal friction)
and the sliding friction on a viscoelastic surface, which refers to the motion of a
spiral-type robotic capsule inside the intestinal lumen.
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The sliding friction between rubber and hard surfaces are different from that
between two hard solid surfaces. It mainly comes from two parts: adhesion and
deformation. The former tends to maximize when two contact surfaces are made of
similar or identical substances, which causes a relatively large jointing force among
the molecules at the interface [99]. The latter is the rubber’s deformation leading to
a hysteretic friction due to the hysteresis behavior of a viscoelastic material. In
1960s, Grosch firstly showed the hysteretic contribution to the sliding friction of
rubber experimentally [100]. Recently, more literature has indicated that hysteretic
friction is related to the material’s internal friction [101, 102], which is the damping
factor equivalent to the ratio of the loss modulus to the storage modulus.
When sliding happens between the rubber and a hard solid material, there is a
fluctuating reaction force due to the viscoelasticity of rubber. The coefficient of
friction (COF) varies with the sliding speed and it reaches a maximum at a critical
speed [103, 104]. This critical speed can approximately be determined by v = λ f ,
where v is the sliding speed and λ is the length scale of the hard surface’s
roughness, and f is the frequency at which the damping factor is maximum [103].
Moreover, the variation of the COF with the sliding speed is due to the change of
the damping factor with a range of frequency ( f = v / λ ).

5.3.2 Experimental setup
The same rheometer was employed to measure the sliding friction. The open
intestinal sample was mounted on the rheometer’s base, with the contact surface
pointing upwards. A steel ball with a diameter of 2 mm was employed as the bulge
to slide on the intestinal surface. The schematic diagram of the experimental setup
is shown in Fig. 5.9.
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Fig. 5.9 The schematic diagram of the experimental setup for the biotribological tests of the
small intestine [88].

The friction was measured with the steel ball sliding on the sample with different
speeds. Five samples were used for the experiments and all of them were from the
same pig.
The small intestine is dried fast once it is displaced out of the fluid. The saline could
not be sprayed on the sample during the experiments since it would change the
lubrication of the contacting interface. Therefore, in order to keep the experimental
conditions as consistent as possible, the tests were finished in a short time (~20
minutes) for all the samples.
5.3.3 Velocity dependence
Figs. 5.10(a) and 5.10(b) show the distributions of the normal force and sliding
friction along the ball’s moving path at two sliding velocities on Sample 1. It is
observed that both the normal and frictional forces are not uniform because there
are many microstructures on the intestinal surface, which is not smooth at all when
observed under a microscope [105]. Within the velocity range considered, the
sliding friction force is lower for a higher sliding velocity (Fig. 5.10b), which is similar
to the behaviour of the sliding friction on some other tissues [106]. For a viscoelastic
material, the change in the normal force causes the change in the COF. However,
this is not a reason for the variation in the friction in this case because the normal
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force almost remains the same. This finding may be explained by the fact that at the
lower velocity (0.1 mm/s), it takes more time for the intestine to travel from the
ball’s leading edge to the trailing edge, which causes more stress relaxation to the
intestinal tissue due to the hysteresis effect. This causes more pressure difference
between the sides of the ball, which results in a greater friction and consequently a
larger COF and therefore, a larger sliding friction force.
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Fig. 5.10(a) Normal force distribution along the ball’s sliding path on Sample 1.
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Fig. 5.10(b) Sliding friction force along the ball’s sliding path on Sample 1.

The sliding friction force is calculated by dividing the experimental frictional torque
provided by the rheometer with the distance from the ball’s centre to rotary disk’s
centre.
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Fig. 5.11 Average normal force at different sliding speeds on Sample 2.

The normal force of the ball sliding on Sample 2 was measured with the sliding
speed beyond 1mm/s. As shown in Fig. 5.11, the normal force increases as the
sliding speed increases. The average normal force is approximately proportional to
the sliding speed within the range of the measurement. This is probably caused by
the increased compressive stress as a result of the raised strain rate. The increased
compression at the impinging side of the ball also gives rise to the resistance, which
could offset some reduction in the sliding friction due to a shorter stress relaxation.
Fig. 5.12 shows the velocity dependency of COF for three samples. We sprayed
some saline on the surface of Sample 5 immediately before the tests (no spray
during the tests). However, we didn’t apply this process for Sample 3 or Sample 4. It
is seen from the results that, due to different lubrication conditions, the overall
COFs are different for the three samples (Sample 3 and 4 have similar friction
values). The sliding friction is smaller on the intestinal sample with more lubrication.
From Fig. 5.12, it is also seen that the trends of all COFs decrease firstly and then
becomes stable. The velocity dependency of the sliding friction matches the
frequency dependency of the damping factor shown in Fig. 5.4. For Samples 3 and 4,
the steel ball penetrated into the intestine at the same depth of 0.25mm. For
sample 5, the ball was penetrated 0.15mm. The length scale λ at the contacting
interface is calculated for the steel ball with the diameter of 2mm. The length scales
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for the three samples are 1.32mm, 1.32mm and 1.05, respectively. From the
measurements in Section II, it is observed that the damping factor becomes stable
when the angular frequency reaches 50rad/s (~7.96 Hz). By using v = λ f from the
rubber friction theory [102], we predict that the sliding friction starts becoming
stable at 10.51mm/s (Sample 1), 10.51mm/s (Sample 2) and 8.36mm/s (Sample3).
These predictions are reasonably consistent with the experimental data shown in Fig.
5.12. We suggest that the theory of rubber friction can be applied to predict the
sliding friction of a hard solid object on the intestinal surface. This friction data is
needed to estimate the resistance and propulsion of a spiral-type robotic capsule
moving inside the GI tract.
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Fig. 5.12 The COFs at different sliding speeds on three intestinal samples.

5.4 Sliding friction tests of different materials on the small intestine
In this section, the sliding friction of the spiral-sized structures made of different
materials was tested on the small intestine. The experimental setup in Section 5.2
and the rheometer were used, except that solid cylindrical bars (shown in Fig. 5.13)
were used instead of the small balls because they were easier to prepare and use.
Two sets of experiments were conducted and each set was tested on the same
intestinal sample.
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Fig. 5.13 Different cylindrical bars used in the measurements of sliding friction on the small
intestine.

In the first set of tests, the diameter of each cylindrical bar is 1 mm and they are
made of brass, rubber (Durometer A ~ 60) and nylon, respectively. Their length
matched the diameter of the rotary disk of the rheometer, as 20 mm. Since the solid
bars were rotated about their centres, the length of 5 mm was adopted as the
average value when determining the sliding speed and the friction force. The friction
of each sample on the small intestine was measured at the sliding speed of 31.4
mm/s. The friction force is calculated from the total torque provided by the
rheometer for the whole cylindrical bar. We assume that the average friction force
acts at the centre of the half of the bar. Therefore, the radius of 5 mm was
considered in estimating the friction force. Then the average friction force is
obtained by dividing the half of the torque with the radius of 5mm. The average COF
is obtained by dividing this friction force by the normal force. The COF for the
rubber sample appears to be the largest among the three cylindrical samples,
shown in Table 5.1. The nylon sample shows a slightly lower value of the COF
probably because of its relatively higher hardness compared to the rubber one. It is
difficult to explain this result, but it might be related to the stiction between the
intestine and the rubber/nylon sample because they are all viscoelastic materials.
The stiction may cause more jointing forces of molecules and consequently more
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adhesive friction occur between two surfaces made of similar substance [99]. It is
observed that the brass sample, as a metal, causes the smallest COF among the
three tested objects. This follows that it is preferable to use spirals made of a
non-viscoelastic material as the traction elements of a robotic capsule.
Table 5.1 The COFs with the lines made of different materials
Solid line (diameter = 1mm)
Brass
Rubber
Nylon

COF
0.38
0.56
0.51

In the second set of tests, all the cylindrical samples are made of the rubber
(Durometer A ~ 60) and they have the same diameter of 2 mm. The difference is
that one of them is a smooth sample with no grooves and the other two are
patterned with straight grooves on their surfaces by a laser machining system, as
shown in the bottom half of Fig. 5.13. Table 5.2 shows the COF measurements for
these rubber samples. The effect of introducing grooves to the contact surface is
quite obvious. The sample with one groove has an immediate increase in its COF
compared to the smooth sample. This result may be explained by the fact that the
tissue enters the groove, which generates more contact surface and consequently
more frictional resistance. Having a second groove does not make the same effect as
one groove makes--the number of grooves is not proportional to the increase in the
COF. The increase in the COF with two grooves is not significant, which is probably
affected by the distance between the two grooves. Too small distance may have
caused less tissue entering the second groove due to the geometry effect of the first
groove’s trailing edge. Therefore, this could, consequently, lower the sliding friction
on the object.
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Table 5.2 The COFs with the smooth or grooved lines
Solid line (diameter = 1mm)
No Groove
With one Groove
With two Grooves

COF
0.36
0.41
0.43

5.5 Conclusions
The biomechanical and biotribological properties of the small intestine are
experimentally investigated by a rheometer. The dynamic testing results suggest
that the storage modulus increases when the frequency is raised within the tested
range. The loss modulus shows a little dependency on the angular frequency. The
damping factor firstly decreases and then becomes stable afterwards with an
increased frequency.
The experimental results show that the COF decreases with the sliding speed within
a very low range (from0.5mm/s to ~10mm/s in this study). In addition to the speed,
the variation in the normal force due to a different interaction depth also affects the
COF, which is distinct from that of the hard solid surfaces. With reference to the
theory of rubber friction, it is found that the sliding friction on the intestine can be
related to the internal friction of the tissue. The relation between the spiral topology,
rotating speed and sliding friction is evaluated for a spiral-type robotic capsule. This
relation can be employed for the design and optimization of the traction topology
and to determine the operating condition of the robotic capsule such as its optimal
rotational speed leading to a high traction velocity.
The experiments with different contacting materials show that a solid bar made of
viscoelastic material causes large COFs. Moreover, the COF can be increased by
engraving grooves into the contacting surface. Even this simple modification in the
geometry of the spiral can increase the traction force between the spirals and the
intestinal wall.
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Chapter 6
Finite element modeling of propulsion of a
robotic WCE inside a viscoelastic intestine
As discussed in Chapter 4, the robotic WCE is surrounded by a viscous film of
intestinal mucus, which makes the capsule does not interact with the intestinal wall
directly. The finite element analysis (FEA) was conducted by only accounting for the
effect of fluid dynamics. The external boundary of the computational domain (the
film) was assumed to be a no-slip tubular wall, which was only a ‘rough’ assumption
because the impact of deformation and biomechanics of the intestinal issue was not
reflected. Strictly speaking, to perfectly simulate the propulsion of a capsule inside
the intestine, complicated FEA of multiphysics should be carried out by coupling the
mechanics of both fluid and solid objects, which requires substantial computational
resource and might not be an efficient option. In order to consider the intestine’s
effect, we adopt an alternative for FEA by changing the computational domain from
the film to the intestine. Non-linear viscoelastic simulations were conducted to
study the biomechanical behaviour of the intestine resulting from propulsion of the
robotic WCE. As for the influence of the mucus, it is simplified and treated as a form
of lubrication, which can be reflected by setting a reasonable value for the
coefficient of friction (COF). This scenario could make the FEA more consistent to
the real case.
This chapter presents the finite element modeling of the non-linear viscoelastic
contact between a self-propelled robotic capsule and the small intestine by taking
into account the soft tissue’s deformation and biomechanics. Both two-dimensional
and three-dimensional simulations were conducted to validate the feasibility of FEA
as a tool for predicting the mechanical behaviour of the intestine and consequently,
to facilitate the optimisation of a spiral-type robotic capsule’s traction topology and
operating condition (e.g., rotating speed).
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6.1 Theory and general setup
Finite element (FE) simulations are conducted to theoretically investigate the
viscoelastic contact between the small intestine and a spiral-type capsule. A
software package, ABAQUS [107], is used to carry out the FEA.
The Ogden material model is generally used to represent non-linear elasticity of
rubbers, soft tissue and other hyperelastic materials. In this study, it is used to
model the non-linear stress-strain behaviour of the intestine. The strain energy of
this hyperelastic model takes the following form [107]:

N

U =∑
i =1
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where U is the strain energy per unit of the reference volume, λ i are the deviatory
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temperature-dependent material parameters. The initial shear modulus for the
Ogden model are calculated by

N

µ0 = ∑ µi

(6.2)

i =1

Time domain viscoelasticity is employed to describe the viscoelastic behaviour of
the intestine. The shear elastic modulus is calculated by
G R (t ) = g R (t )G0

(6.3)

where g R (t ) is the shear relaxation modulus; G0 is the instantaneous shear
modulus.
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In ABAQUS, the viscoelastic material is modeled by a Prony series expansion of the
dimensionless relaxation modulus, given by

N

(

g R (t ) = 1 − ∑ g i 1 − e −t / τ i
P

G

)

(6.4)

i =1

P

where N , g i , and τ iG are material constants.
To perform the simulations, the following assumptions are made:
1. The intestinal wall is very soft compared to the outer surface of the spiral-type
capsule. Therefore, the interaction between them barely causes deformation to
the latter, which is assumed to be a rigid object.
2. Since the viscoelastic contact from the capsule’s topology is the major focus of
this study, the weights of both the capsule and intestine are not considered.
3. The intestinal tissue is assumed to be an incompressible, homogeneous and
isotropic material. Further, the intestine is assumed to be a symmetrical tube,
with a uniform wall thickness.
4. The effect of the temperature on the material’s strain is neglected.
The stress relaxation data and the stress-strain relation from the measurements in
[79] are fit into the models to find the hyperelastic and viscoelastic properties of the
small intestine. Both of the intestine’s ends are fixed. The spiral-type capsule’s outer
surface is set as the master surface while the intestine’s inner wall is set as the slave
surface. These two surfaces consist of the contact pair. As the capsule moves, it
causes deformation of the intestine, which consequently generates the reaction
force. An implicit solver is used for the FE simulations.
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6.2 Two-dimensional simulations
6.2.1 Capsules without Spirals
Baek et al. reported the measurements of sliding friction of the smooth capsules
(without spirals) being pulled along the small intestine [80]. To find the accuracy of
the FEA analysis, the same configurations, described in Fig. 6.1, are simulated by
using ABAQUS. The inner diameter and wall thickness of the small intestine are 7.8
mm and 3.3 mm, respectively. Two capsules with different diameters are tested in
the models. The coefficient of friction (COF) is set as 0.1 in the simulations. The
friction from the FEA prediction is compared with the experimental data, shown in
Table 6.1. From the comparison, it is seen that the magnitudes of the simulation
results and the experimental measurements are in the same order and the effect of
increasing the diameter of the capsule is identical in either case. Though there is a
slight deviation between the modeling and experimental results, the FEA can still be
regarded as a valid tool to reasonably predict the mechanical behaviour of a capsule
moving inside the small intestine.

Fig. 6.1 The models of smooth capsules moving inside the small intestine.

TABLE 6.1 Friction of smooth capsules moving along the small intestine
Capsule Diameter Friction from FEA
Friction from experimental data
(mm)
(mN)
(mN)
9
34.9
42.6
10
66.8
53.9
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To further investigate the FEA tool’s ability in modeling viscoelastic contact, another
two-dimensional (2D) simulation is conducted for a capsule with the diameter of 9
mm and two concentrically circular grooves (shown in Fig. 6.2), whose sliding
friction inside a small intestine was also measured and reported in [78]. The friction
from the FEA is 35.9 mN, which is greater than that of the smooth capsule with the
same diameter. This trend is identical to the experimental data. The increase in
friction in the simulations is due to the fact that the pressure difference is also
produced between two sides of the grooves. This generates more net forces in the
axial direction. In practice, this increase is even larger since more intestinal tissue
could be squeezed into the grooves and lead to more contact area and consequently,
more friction as well.

Fig. 6.2 The model of a grooved capsule moving inside the small intestine.

6.2.2 Velocity-dependent reaction force
When a spiral-type capsule is rotating inside the intestinal lumen, the viscoelastic
contact produces two forces for the whole capsule. The first one is the sliding
friction, which is always tangential to the interacting surface and against the
direction of motion. This sliding friction applies to both the regular capsular body
and the spiral structure. It only creates resistance to motion and brings no benefit to
the propulsion. The other force is due to the intestinal lumen’s hoop stress resulting
from the expansion, which is always normal to the contacting surface. The hoop
stress of the intestine generates a pressure distributed all around the whole capsule.
The pressure on the regular capsular body always points to the center of the capsule.
Therefore, it only applies a compression to the capsule and does not generate any
traction force. However, the pressure on the spiral structure results in a different
effect. As seen in Fig. 5.3, the spiral slides on the intestine and the contact causes
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stress in the tissue. The tissue interacts with the right-hand side of the spiral first
and then moves gradually to the left-hand side. If the interaction is purely elastic,
the reaction forces from the intestine at two sides would be identical, which would
make no pressure differential driving the capsule. However, due to the viscoelastic
behavior of the intestine, the stress at the first contact is the largest and then
relaxation occurs, which exerts the spiral’s right-hand side a higher pressure than its
left-hand side. Subsequently, this pressure difference produces a net force
perpendicular to the spiral. The circumferential component of this net force
contributes to the resistive torque and its axial component is what is desired: the
traction force.

Fig. 6.3 The spiral sliding across the intestine in the 2D FE simulations.

The Coulomb’s law of friction ( f = µN ) indicates that the sliding friction is related to
the COF of the interface and the normal force as well. This normal force on the
capsule’s surface is caused by the pressure as a result of the hoop stress of the
intestine. Apparently, the stress is velocity-dependent. If the capsule spins in the
intestine fast, less stress relaxation will occur. This gives rise to more stress for the
intestine and correspondingly a higher pressure on the capsule’s surface. Therefore,
the sliding friction increases.
The 2D FE simulations are conducted to study the velocity-dependent reaction force
on the spiral structure. The configuration is described in Fig. 6.3. The cross-section
of a spiral deforms the intestine and slides along it. The COF is set as 0.1 in this case.
The simulation result is shown in Fig. 6.4 that the sliding friction increases when the
velocity is raised. However, this trend slows down as the velocity keeps increasing.
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This trend is consistent with our previous study [108].
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Fig. 6.4 The relationship between the sliding friction and the sliding velocity.

As discussed above, the net force from the pressure difference between the spiral’s
two sides contributes to the traction force of the capsule. Though its circumferential
component also contributes to the resistive torque, this net force is still desired to
be as large as possible in order to provide enough traction for the capsule. From the
simulation result in Fig. 6.5, it is shown that it is velocity-dependent as well. As the
spiral’s sliding velocity rises from 1 mm/s to 5 mm/s, this net force decreases
because a less stress relaxation is caused by the faster movement, which reduces
the pressure difference. However, increasing the velocity does not always decrease
the pressure difference. As it is known, the stress of the intestine decreases very fast
initially due to the stress relaxation. After a while, this decrease in stress becomes
less and less. Therefore, once the velocity reaches some certain value, the stress
relaxation does not differ much at different velocities. Meanwhile, since the high
velocity causes a large strain rate and subsequently, a large stress in the tissue, the
pressure at the spiral’s right hand side becomes high. As the stress relaxation does
not decrease much with the further increase in the velocity, the increased strain
rate increases the pressure and consequently, increases the net reaction force. This
is demonstrated by the simulation result in Fig. 6.6.
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Fig. 6.5 The relationship between the force due to pressure difference and the sliding
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Fig. 6.6 The relationship between the force due to pressure difference and the sliding
velocity, relatively high velocity.

6.2.3 Effect of different cross-section shapes of spirals
When a spiral sliding on the inner surface of a GI tract, the intestine’s reaction force
normal to the spiral makes contribution to the effective propulsion of the robotic
capsule. This force is affected by the shape of the spiral cross-section. The
viscoelastic contacts of the intestinal wall with four different cross-section shapes
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are modeled using ABAQUS. Fig. 6.7 shows two typical shapes in practice, providing
(a) circular and (b) rectangular contact regions, respectively. For a rectangular one,
to avoid damaging the tissue, round fillets are symmetrically created at the corners.
Fig. 6.7 (c) shows another simulated shape, with a large-radius fillet at the impinging
side and a small-radius fillet at the back side. The shape of the reversed fashion is
modeled as well, illustrated in Fig. 6.7(d). Table 6.2 shows the prediction of the
reaction force due to the normal pressure difference from the contact with the
intestinal wall when the sliding velocity is set at 5 mm/s in each case. From the
results, it is observed that the cross-section profile of (a) gives rise to the smallest
reaction force while the one in 6.7 (b) generates the largest force. Comparing the
prediction of the shape (c) to (d), it suggests that a low-radius impinging geometry
can produce slightly more reaction force than a large-radius one. Among all the
simulated profiles, a tapered-rectangular cross-section (shape b) acquires the
largest force from the pressure difference between two sides of the spiral, which is
preferred for the propulsion of a spiral-type robotic capsule.

Fig. 6.7 The models of different shapes of spiral cross-section contacting the intestinal wall.
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TABLE 6.2 Predicted force due to pressure difference for different shaped
cross-sections of spirals
Shape type
(a)
(b)
(c)
(d)

Reaction force (mN)
30.0
34.5
31.7
32.0

6.3 Three dimensional simulations
6.3.1 Effect of different helical angles of spirals
When the intestinal tract is unwrapped, it is like a flat plate. The unwrapped spiral
acts like a straight rod pressing this plate and sliding on it. The relation between the
propulsion force and frictional torque is based on the relation between the two
planar forces which are perpendicular to each other and parallel to the plate.
Therefore, to further investigate the effect of helical angle, the configuration in Fig.
6.8 is modeled using ABAQUS. The thickness of the intestinal plate is 1 mm and the
diameter of the rod is 1 mm. The rod presses the plate first and then slides along
the x-axis at a constant speed v. The force in x-axis contributes to the frictional
torque and the force in y-axis produces the propulsion force if the plate and rod are
wrapped again. Therefore, the absolute ratio of the forces in y and x axes is used to
evaluate the effect of helical angle θ. The larger ratio indicates a better performance
since it is preferable to have a low frictional torque to overcome and a relatively
high propulsion force to produce from the energy efficiency point of view. The
contact length L is kept constant, similar to keeping the total spiral length constant
no matter how the helical angle θ changes.
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Fig. 6.8 The model of the unwrapped spiral and intestinal tract.

Table 6.3 lists the forces from the simulation results when different helical angles
are used. It is observed that, at θ = 40°, the absolute ratio of the y-axis and x-axis
forces is the largest. Therefore, it is postulated that 40° is the best efficient helical
angle to obtain a high ratio of the propulsion force to the frictional torque for a
spiral rotating inside the intestinal tract.
TABLE 6.3 Predicted reactant forces of the unwrapped spiral contacting the
unwrapped intestinal tract
y-axis force x-axis force
θ (°)
absolute ratio of y-axis force to x-axis force
(mN)
(mN)
15
3.241
-13.96
0.2322
30

2.908

-12.07

0.2410

35

2.958

-12.07

0.2449

40

3.069

-12.38

0.2478

45

3.101

-12.67

0.2447

50

3.131

-13.11

0.2388

6.3.2 Spiral-type capsules
The action of a spiral-type capsule inside the small intestine is simulated in the 3D
FEA using ABAQUS. In order to compare the simulations with the experimental
measurements, the dimensions of the small intestine are adjusted as those of the
specimens which are used in our in-vitro tests. The inner diameter is 11.7 mm and
the thickness is 1 mm. The capsule’s dimensions are based on those of a dummy
Pillcam SB2 capsule (Given Imaging), whose diameter is 11 mm and the length is 26
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mm. The spiral is assembled on the cylindrical section of the capsule. Therefore, its
length in the axial direction is fixed as 15 mm. The spiral height is set as 1 mm and
the spiral cross-section is a combination of a semi-circle and a rectangle. The
semi-circle region is the part that firstly in contact with the intestinal wall. To save
calculation time, only a quarter of the intestinal tract is modeled. Two helical
structures are tried in the simulations. Only one spiral is used in either case and the
helical angles are 5 and 10 degrees, respectively. The models are illustrated in Fig.
6.9.

Fig. 6.9 The models of the spiral-type capsules in the small intestines.

The stress is generated inside the small intestine due to the deformation resulting
from the contact with the capsule. When the capsule starts rotating, a frictional
torque is exerted on it because of the reaction force from the intestine. Fig. 6.10
describes the distributions of von Miles stress along the intestinal walls led by the
contacts with the capsules rotating inside the tracts. From Figure 6.10, it is observed
that there is a stress concentration around the areas in contact with the spiral. The
highest stress occurs at the interface where the spiral’s outermost points are
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located.

Fig. 6.10 The distributions of von Miles stress along the intestines.

Fig. 6.11 shows the frictional torque prediction with a spiral-type capsule (helical
angle = 10°) rotating without any translation at different rotating frequencies. The
values are four times the simulation results since only a quarter of small intestine is
simulated in the model. With reference to Fig. 6.11, it is seen that the initial
frictional torque is largest which is due to the static friction. As the time increases,
the torque gradually decreases and reaches a relatively stable state. Fig. 6.11 also
suggests that the frictional torque increases when the rotating speed is raised in a
relatively high range of speed, which implies that a higher strain rate leads to a
larger stress in the intestinal tissue and consequently causes a larger reaction force.
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Fig. 6.11 The frictional torque with a spiral-type capsule (helical angle = 10°) rotating at
different frequencies.

For the spiral-type capsule with the helical angle of 5°, the stable (i.e. steady)
frictional torques of 0.84 and 0.91 mNm are obtained at 0.5 and 1 Hz, respectively,
which are greater than those of the capsule with helical angle of 10°. It indicates
that the capsule with a smaller helical angle confronts the larger frictional torque
when the same number of spiral is adopted.
However, in the simulations shown in Figs. 6.10 and 6.11, the capsule only rotates at
the same location. In a real case, a propelled capsule should have both rotation and
translation. Therefore, it is necessary to study the difference between the case with
only rotation and the case with both rotation and translation. In second set of
simulations, a spiral-type capsule with the helical angle of 10° is simulated. The
modeling results are shown in Table 6.4. When the capsule constantly rotates at the
same place, the motion is regarded as 100% slip because there is no translational
movement in the axial direction. At 100% slip, the capsule is only rotating and no
translation occurs. The net axial force is the traction force because there is no sliding
friction in the axial direction. It is seen that, with the rotating frequency raised from
1 Hz to 2 Hz, the resistive torque increases but the traction force decreases. This
agrees with the 2D analysis presented in this chapter. If the rotating frequency
increases to some certain value, the traction force is postulated to start increasing.
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In case of no slip, the axial force consists of the net traction force and the axial
sliding friction. Since the translational velocity is large, the axial sliding friction is
much larger than the traction force, making the net axial force negative. In this
extreme case of no slip, there is no intestine getting across the spiral, which leads to
no pressure difference between the two sides of the spirals. Hence, theoretically,
there is no traction force on the spiral in case of no slip. Also, the circumferential
component of the net reaction force is zero as well. Therefore, the resistive torque is
reduced when the capsule is propelled without slip, shown by the simulation results
in Table 6.4.
TABLE 6.4 The torque and force prediction in the 3D simulations
100% Slip
No Slip
Conditions Torque
Axial force
Torque
Axial force
(mNm)
(mN)
(mNm)
(mN)
COF0.6,
0.8480
0.3587
0.8479
-17.350
1Hz
COF0.6,
0.8494
0.3224
0.8498
-17.730
2Hz

6.4 Conclusions
The non-linear FEA is performed to investigate the mechanical characteristics of the
viscoelastic contact between a spiral-type robotic capsule and a small intestinal tract.
Both 2D and 3D simulations are conducted by using ABAQUS. The FEA prediction is
compared to the experimental measurements that they indicate the same trend
regarding the mechanical response when a capsule contacting the inner wall of a
small intestine. Besides, the magnitude of the prediction is also reasonably close to
the measurements, which provides more confidence to use the FEA as a tool to
evaluate the performance of different helical structures and consequently help the
design and optimization of the traction topology of a spiral-type capsule. In this
chapter, an optimized helical angle is suggested based on the FEA results, which is
40° considering the propulsion efficiency. Moreover, the simulations also indicate
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that a tapered rectangle as a preferred cross-section shape of a spiral.
The FEA shows that not only the sliding friction but also the traction force from the
pressure difference on the spiral is velocity dependent. When the sliding velocity
increases, the sliding friction increases while the force due to the pressure
difference decreases initially. This is due to the fact the stress relaxation of the
intestine is reduced, which causes a larger pressure on the robotic body but makes
the pressure difference on the spiral smaller. When the velocity approaches some
certain value, the reduction in the stress relaxation is very small. Since a higher
strain rate produces a higher stress, the force due to the pressure difference starts
to increase the pressure on the spiral.
To our best knowledge, there are no reported efforts about using 3D FEA to
investigate the motion of a spiral-type robotic capsule within a biomechanical
intestinal lumen. The contribution of our attempt is quite original. However, the
biomechanical FEA presented in this chapter is still at the preliminary stage,
especially the 3D simulations. The small intestine’s material property is defined by
its hyperelasticity together with viscoelasticity. For simplicity, it is only assumed to
be isotropic in this study. The consistency to the real soft tissue can be improved by
utilising anisotropic data from the biaxial biomechanical tests, which would increase
the complexity of the tissue modeling and raise the requirement for the
computational resource. Moreover, because of the limited computational resource,
the number of elements (~18,000 elements) used in our work is still limited. Only
one quarter of the intestine is simulated. If the intestine’s element is downsized
further and more layers of elements are used in the direction of the tube’s thickness
(now it is only two layers used as shown in Fig. 6.9 and Fig. 6.10), more details of the
deformation and loading imposed by the action of the capsule could be captured for
the mechanics of the intestine, which would consequently increase the accuracy of
the prediction. These issues will be addressed in the future work.
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Chapter 7
Experimental investigation of the
performance of a spiral-type robotic capsule
endoscope inside a real small intestine
In order to undertake the feasibility and optimisation of the proposed locomotion
system, it is necessary to specifically investigate the mechanical and dynamic
behaviours of a spiral-type robotic WCE moving inside a real small intestine. Besides,
most literature in this field only shows qualitative results based on observations.
There is very limited information reported about quantitative measurements of the
effects of different traction topologies of a spiral-type capsule in the literature. The
results in Chapter 5 which are the experimentally determined biomechanical and
biotribological properties of the small intestine fill in this gap in the literature.
In this chapter, a set of experiments were carried out to investigate the locomotion
of a spiral-type robotic capsule endoscope inside a real small intestine. These
experimental results are presented to illustrate the performance of the capsules
with different spiral structures, including resistive torque, tractive force, capability of
movement, and locomotion efficiency. The primary aim is to identify the
optimisation of the traction topology and other operating conditions (e.g., rotating
speed) for the robotic capsule.

7.1 Resistive torque
As discussed in Chapter 3, the external electromagnetic system converts the
electrical energy to generate a rotating magnetic field, which applies a magnetic
torque on the robotic capsule to enable the actuation. The magnetic torque must
overcome the resistance in the circumferential direction to keep the capsule
rotating. This resistance can be interpreted as the resistive torque exerted on the
95

Chapter 7 – Experimental investigation of the performance of a spiral-type
robotic capsule endoscope inside a real small intestine

capsule by the intestine.
In this section, the resistive torque of a spiral-type capsule is investigated first to
determine the load for the external power system [108]. Besides, the product of the
torque and the angular speed is referred to as the power consumption for the robot
(described in Subsection 7.5.2), which is a significant factor to evaluate the
efficiency of the locomotion system and to consequently identify the optimisation
scheme.
7.1.1 Experiments
7.1.1.1 Experimental setup
Dummy Pillcam SB2 capsules (Given Imaging) were adopted as the bases of the
capsule robots. For each capsule, a segment of wire ( φ 1 mm) was wound around
the outer surface and acted as the spiral structure. The winding area was within the
cylindrical part of the capsule so that every spiral structure could have the same
dimension (15 mm) in the longitudinal axis. Four spiral-type capsules of such were
fabricated, with the helical angles of 5° (No. 1), 10° (No. 2), 15° (No. 3) and 20° (No.
4), respectively, as shown in Fig. 7.1. For each of them, only one spiral was attached
on the surface.
A steel rod was fixed to one end of the capsule so that the assembly could be
connected to a torque sensor, which was able to output real-time measurements to
its indicator. Via a RS232 cable and an interface program, the data was consequently
sent to a PC for recording. During the tests, the capsule was kept still and the small
intestine was spinning instead. The segment was mounted on a custom-built device,
comprised of two coaxial plastic tubes and two aluminium bars for supporting. Then,
this device was attached to an electric motor, whose rotating speed was adjusted by
a Labview program sending commands via a data-acquisition (DAQ) board and a
control module. In order to avoid the influence from the gravity, the devices were
lined up vertically. The general view of the experimental setup is shown in Fig. 7.2.
96

Chapter 7 – Experimental investigation of the performance of a spiral-type
robotic capsule endoscope inside a real small intestine

Fig. 7.1 Capsules with different spiral structures.

Fig. 7.2 General view of the experimental setup.

7.1.1.2 Experimental Procedures
The intestinal specimens, kept in a refrigerator, were unfrozen a few hours before
the experiments. Then, they were immersed in a jar of physiological saline, which
was helpful to prevent tissue rupture. One intestinal segment and one capsule were
placed as shown in Fig. 7.2 each time. The small intestine was rotated at a constant
speed for several seconds by the electric motor so that the real-time frictional
torque could be measured by the torque sensor. An initial test was carried out with
one specimen (Sample 1). Afterwards, a set of tests were performed with the other
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two intestinal specimens successively. The internal diameters were 10.9 mm
(Sample 2) and 11.1 mm (Sample 3), respectively. Both of them had the thickness of
1 mm. For each set of test, the rotating frequencies in the range of 0.5 ~ 3 Hz were
applied.
The small intestine would be dried out fast once it was displaced out of the fluid.
However, the saline could not be sprayed on the segment during the experiment
since it would change the frictional properties of the intestine, as explained in the
following section. Therefore, in order to keep the experimental conditions as
consistent as possible, the tests were finished in a short time for both Sample 2 and
Sample 3. Additionally, after each measurement, the sample was inspected whether
a slight twist occurred due to the contact with the capsule. If so, a quick and simple
treatment would be conducted manually to bring it back to the original state.
When all the tests for one specimen were finished, the intestinal tube was cut open
and flattened on a table immediately. By using a force sensor and a smooth capsule
with the mass of 3.98 g, the coefficient of friction (COF) was determined for each
intestinal specimen by employing:
µ=

f
mg

,

(7.1)

where, f is the force to overcome the friction, and m is the mass of the pulled
capsule, and g is the gravitational acceleration.
All the experiments were carried out in an air-conditioned space, which maintained
the room temperature at 25°C.
7.1.1.3 Results and Discussions
Fig. 7.3 shows the torque measurements with the capsule No. 2 (helical angle = 10º)
and the small intestine Sample 1 under the rotating frequency of 1 Hz. Fig. 7.4
shows the results with two different segments. From Fig. 7.4, a slightly higher static
friction occurs first and then a relatively steady dynamic friction can be observed.
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After spraying some saline on Sample 1, a reduction in the frictional resistance is
quite apparent, implying the change in the tissue’s biomechanical and tribological
properties due to the absorption of liquid. Therefore, humidifying the intestine
during the tests is inappropriate for the consistence of the experimental
environment.

Before spray

After spray
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Fig. 7.3 Initial test with the small intestine Sample 1.

In the tests with Sample 2 and Sample 3, the measurements of dynamic friction are
compared to each other as different combinations of capsule and intestinal
specimens as well as frequency are adopted.
Sample 2 was tested with the capsules No. 1 (helical angle = 5°) and No. 2. The
results are shown in Fig. 7.4, which shows that the frictional torque increases as the
rotation frequency rises, indicating the rotational resistance has a relationship with
the rate of strain of the small intestine. This dependence reveals the viscoelasticity
of the GI tract to some extent. Due to the introduction of the spiral, the
cross-section of the capsule in the lateral direction is widened, increasing the
deformation of the intestine. This increase becomes larger when the helical angle
gets smaller. Therefore, when the number of spiral is the same, a capsule with a
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smaller helical angle causes more strain in the intestine and consequently, confronts
a higher frictional resistance. In this case, from 0.5 Hz to 3 Hz, the capsule No. 2
(helical angle = 10°) causes a torque in the range of 0.6 ~ 1.8 mNm while the capsule
No. 1 (helical angle = 5°) results in the magnitude between 0.8 to 2.3 mNm. At low
frequencies, the torque is almost proportional to the frequency and the
proportionality constant is bigger when the helical angle is smaller.
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Fig. 7.4 Torque Measurement with the small intestine Sample 2.

Sample 3 was tested with all the four capsules one by one. The torque
measurements are presented in Fig. 7.5. For the same combinations of capsule,
specimen and frequency, the results are slightly different from those of Sample 2
possibly due to the discrepancy of two intestinal specimens’ conditions. However,
the magnitude of the resistant feature is still in the same order. Moreover, the trend
is nearly identical to that of Sample 2.
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Fig. 7.5 Torque Measurement with the small intestine Sample 3.

The COFs of two intestinal segments are also determined using Eq. 7.1 for the
parameter identification of the analytical model proposed in the following section.
Fig. 7.6 shows a sample measurement of the force vs. time for the smooth capsule
to overcome the friction on the cut-open and flattened small intestine (Sample 2).
Since the mass of the capsule is already known, the COF for Sample 2 can be
calculated as 0.28. The same method is used to find the COF for Sample 3, which is
equal to 0.51. We postulate that the difference between these COFs can be due to
different wetness conditions on the inner surfaces of these two samples. The inner
surface of Sample 2 was slightly humidified with the saline before it was tested
while the same treatment was not applied to Sample 3. As reported before, a small
amount of lubrication could change the friction in a small intestine dramatically [84].
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Fig. 7.6 The force history for a smooth capsule to overcome the friction on the cut-open and
flattened small intestine Sample 2.

7.1.2 Analytical modeling of resistive torque
In Chapter 4, the rotation of a spiral-type capsule inside an intestinal lumen was
modelled in CFD analyses by assuming the capsule only interacts with the mucus. As
discussed above, the major defect of this modeling procedure is that it neglects the
impact of viscoelasticity of the deformable intestine. Therefore, this early work of
ours only serves as a preliminary study to predict the force/toque on the spiral-type
capsule. In Chapter 6, another numerical procedure has been studied to understand
the mechanical characteristics of the capsule rotating inside the small intestine.
These non-linear viscoelastic simulations more accurately mimic the behaviour of
the real tissue since the model has adopted the soft tissue as the computational
domain. Both the hyperelasticity and viscoelasticity of the intestine has been taken
into account in the modeling work. However, as discussed in Chapter 6, this
procedure requires a relatively large computational resource, especially for the 3D
simulations. Without a powerful computer, the modeling work including its
numerical solution is quite time-consuming, undermining the accuracy of the
simulation results due to a limited amount of finite elements.
In this subsection (7.1.2), an alternative is proposed to simplify the prediction of the
resistive torque of a spiral-type capsule within the acceptable range of accuracy,
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compared to the complicated finite element analyses. The analytical model is
presented here and validated in the next subsection (7.1.3).
7.1.2.1 Viscoelastic model
Commonly, the relationship between stress and strain of a viscoelastic material can
be illustrated by a generalized Maxwell model including multiple viscous dashpots
and elastic springs [97]. Fig. 7.7 shows a five-element linear viscoelastic model,
which is employed to describe the mechanical behaviour of the small intestine in
this study. The constitutive equation is expressed as follows;
σ ( t ) = ε (t )[ E 1 exp( −

tE 1

η1

) + E 2 exp( −

tE 2

η2

) + E3 ] ,

(7.2)

where, σ and ε denote the stress and the strain at the time t, respectively, and
E1, E2, E3 are the elastic moduli of the springs, and η 1 and η 2 represent the
viscosities of dashpots.

Fig. 7.7 A five-element viscoelasticity model.

7.1.2.2 Analytical Model for Rotational Resistance
As discussed above, attaching a spiral structure to the surface of the capsule
increases the cross-section of the capsule in its lateral direction. In Fig. 7.8, the
left-hand side profile describes the cross-sectional profile of the small intestine after
its deformation due to the insertion of the spiral-type capsule. The bulge results
from the spiral structure and the parameter D indicates the diameter of the
cylindrical part of Pillcam SB2 capsule (11 mm). To simplify the analysis, as the
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capsule rotates, the contour is converted to a circular geometry whose perimeter is
comparable to the total length of the original one, which means the circumferential
extension of the intestinal tract is kept the same. The right-hand side profile in Fig. 8
shows the converted circular profile of the deformed intestine’s inner surface with a
new diameter of D’. Since the spiral is only wounded on the cylindrical part, D’ is just
applied to calculate the strain of the tissue in this area. The practical dimensions are
used for the frontal and rear parts.

Fig. 7.8 Conversion of the inner intestinal wall’s profile.

In addition to this geometrical simplification, a few assumptions are made to
develop the model:
1) The intestinal tissue is an isotropic and incompressible material.
2) The volume and the wall thickness of the small intestine are constant.
3) The deformation of the intestine corresponds to the contact area and is
symmetrical towards the radial direction after the geometrical simplification.
In order to analyze the normal load exerted on the capsule, the internal pressure
generated by the intestinal tract due to circumferential extension has to be
determined. Therefore, the intestine is modeled as a cylindrical pressure vessel
[109], shown in Fig. 7.9. The pressure can be calculated from,
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p (θ ) =

σ (θ ) 2 d ,

(7.3)

D'

where, d is the thickness of the small intestine, and D’ is the diameter of the
converted inner intestinal surface’s profile, and σ and p are the circumferential
stress and the corresponding pressure at the azimuth θ , respectively.

Fig. 7.9 A pressure vessel for the intestinal tract modeling.

For a rotational movement, the time t is the division of the azimuth θ by the
angular velocity ω . Hence, Eq. 7.2 can be written to express the relationship
between the stress σ and the rotating frequency f as follows,
σ (θ ) = ε (θ )[ E 1 exp( −

θE1
θE 2
) + E 2 exp( −
) + E3 ]
ωη 1
ωη 2

ω = 2πf .

(7.4)

(7.5)

For every lateral cross-section, the circumferential strain due to capsule insertion is
determined by
ε =

D after − D before
D before + d

,

(7.6)

where, Dbefore and Dafter are the inner diameters of the intestinal tract before and
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after deformation, respectively. For the middle part with the spiral, Dafter is equal
to D’. For the frontal and rear parts without the spiral, only the contact areas are
taken into account. Since these parts are semi-spheres, Dafter varies with the axial
position and can be calculated with the spherical radius, which is 5.5 mm.
The total normal load for one cross-section can be obtained by using Eq. 7.3 to
integrate the pressure along the circumference. Once the frictional coefficient µ is
evaluated, the circumferential friction can be calculated with Coulomb’s law of
friction. Since the distance between the force and rotating axis is fixed, the
rotational resistance can be solved in the form of a resistive torque. The equations
are expressed as follows,
f = µ ∫ p (θ ) d θ

,

τ = fD after / 2 .

(7.7)

(7.8)

where, f is the frictional force in the circumferential direction and τ is the resistant
torque as a result of rotation.
7.1.3 Parameter identification and model validation
To identify the elastic modulus and viscosities in the model, a non-linear least
square optimization process is employed in this study. Based on the non-linear
relationship between the frictional torque and the rotating frequency, these
material parameters were estimated by means of minimizing the summed square of
the error vector with the experimental data presented above. A numerical search
method, which is the interior-reflective Newton algorithm, was used to solve the
problem. It acquires the approximate solution of a system by utilizing the method of
preconditioned conjugate gradients at each iteration. It is suggested that this
method is efficient for non-linear optimization problems [98].
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For the small intestine Sample 2, the measurements with the capsule No. 2 (helical
angle = 10°) was used to estimate the parameters. The numerical values are listed in
Table 7.1. The experimental and predicted frictional torques corresponding to the
frequencies are shown in Fig. 7.10.

Fig. 7.10 Variation of the frictional torque with the capsule No. 2 rotating inside the small
intestine Sample 2.

TABLE 7.1 Identified parameters for the small intestine sample 2
Parameters
Numerical Values
E1 (kPa)
0.12
E2 (kPa)
18.64
0.0122
E3 (kPa)

η 1 (kPa s)

43.51

η 2 (kPa s)

0.2213

The measurements with the capsule No. 1(helical angle = 5°) was used to validate
the model for the small intestine Sample 2, shown in Fig. 7.11. With reference to
these results, the estimated values are quite consistent with the experimental
results, indicating that the analytical model is effective enough to predict the
rotational resistance resulting from the spiral-type capsule rotating inside the small
intestine Sample 2.
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Fig. 7.11 Validation for the small intestine Sample 2.

Though the trend in the mechanical behavior is identical, the specific viscoelasticity
of the intestinal tract may be different from one sample to another due to many
experimental factors such as the freezing period, humidification level, and even
variation in the tissue’s micro structure. Therefore, the non-linear least square
optimization was repeated to identify the elastic modulus and viscosities of the
model for the small intestine Sample 3. The measurements with the capsule No. 3
(helical angle = 15°) was employed. The estimated parameters are listed in Table 7.2.
The experimental and predicted resistant torque values are presented in Fig. 7.12.
These results also demonstrate the efficacy of the analytical model in predicting the
mechanical torque needed to overcome resistive effects associated with the
viscoelastic intestine environment.
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Fig. 7.12 Variation of the frictional torque with the capsule No. 3 rotating inside the small
intestine Sample 3.

TABLE 7.2 Identified parameters for the small intestine sample 3
Parameters
Numerical Values
E1 (kPa)
0.0348
E2 (kPa)
0.7722
E3 (kPa)
0.0448

η 1 (kPa s)

9.491

η 2 (kPa s)

0.2489

To evaluate the accuracy of the model for Sample 3, the measurements with other
three capsules were compared to the predicted values with the estimated
parameters, as illustrated in Fig. 7.13. With reference to these results, the model
performs well when predicting the rotational resistance (i.e., torque) of the capsule
No. 2 (helical angle = 10°). Though the prediction’s accuracy is a bit lower for the
other two capsules, the prediction is still in a reasonable range. We postulate that
the discrepancy is possibly due to the effect of the stress concentration around the
spiral structure, which is neglected in this model. In addition, the condition of the
small intestine Sample 3 might slightly change during the tests due to a relatively
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longer experimental time compared to that with Sample 2.

Fig. 7.13 Validation for the small intestine Sample 3.

From the estimated parameters for Sample 2 and Sample 3, it can be seen that the
mechanical properties of different samples exhibit some variance as expected,
though they both show the viscoelastic properties and exert the rotational
resistance in the same order of magnitude on the inserted capsule due to the
deformation and rotation.
7.1.4 Torque Measurements with rotation and translation
7.1.4.1 Experimental setup and procedures
In the experiments presented above, the resistive torque was measured as the
capsule was only rotating and did not have a translation movement. In this section,
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the experimental setup is upgraded to allow the capsule to have rotation and
translation (relative to the intestinal tract) at the same time. The assembly of the
sensor-rod-capsule is fixed to the tip of a robotic arm, which is able to provide any
translational movement to the capsule at will. The general setup for the torque
measurements is shown in Fig. 7.14.

Fig. 7.14: Experimental setup for torque measurements with both rotation and translation
of a capsule.

The robotic arm was employed to generate a translational movement for the
capsule when a constant-speed rotation was provided to the intestinal tract by a
stepper motor. Thus, both rotation and translation are produced when the
viscoelastic contact happens. The rotating frequency was set to be 1 Hz for all the
tests in this set while several different translational velocities were employed.
Therefore, the measurements were taken when the capsule was having different
slippage.
111

Chapter 7 – Experimental investigation of the performance of a spiral-type
robotic capsule endoscope inside a real small intestine

7.1.4.2 Results and discussions
When the intestinal tract is spinning anti-clockwise and the capsule is moving
linearly in its axial direction, the two modes of the relative interactions between the
intestine and the capsule are shown in the schematic diagram in Fig. 7.15. The
torque measurements were taken when different translational velocities were used
for the capsule (helical angle = 5°). The rotating frequency was 1Hz. The results are
shown in Table 7.3.

Fig. 7.15: A right-hand-spiral capsule with the translation and the intestine with the
anti-clockwise rotation.

Fig. 7.16: Velocities of the intestine across the spiral structure (with anti-clockwise rotation
of the intestine).
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TABLE 7.3 Torque measurements for rotating-only and rotation-translation capsules
Capsule moving direction and
Resistive torque (mNm)
translational velocity
Capsule only spin, 0mm/s
0.7
Capsule go down, 1mm/s

0.8

Capsule go down, 3 mm/s

1

Capsule go up, 1mm/s

0.65

Capsule go up, 3mm/s

0.6

In practice, if the intestinal tissue comes from the left-hand side to the right-hand
side, the propulsion direction for the spiral-type capsule should point downward as
shown in the left diagram of Fig. 7.15. From the results, it is seen that the resistive
torque slightly increases when the capsule is propelled (downward), compared to
the case that it is only spinning without translation. When the translational velocity
is changed from 1mm/s to 3mm/s, the torque even becomes larger. Though the
configuration in the right diagram of Fig. 7.15 can’t happen in real propulsion, the
measurements were still taken to investigate the effect of the capsule’s translation
on the behavior of the viscoelastic contact. It is seen that the torque is slightly
reduced when the capsule is provided with the upward linear movement. Here, we
postulate the possible explanation for this phenomenon. In Fig. 7.16, v0, v1, v2
(broken lines, all directing from left to right) represent the velocities of the intestinal
tissue across the spiral structure in the cases of capsule without transition, capsule
going down and capsule going up, respectively. The velocity components normal to
the spiral structure are depicted as the ‘normal’ lines in Fig. 7.16. It is seen that, this
component of velocity is smallest with the capsule going down while it becomes
largest with the capsule going up. It means that it takes more time for the intestine
to get across the spiral in the case of the capsule going down. Due to the stress
relaxation, the pressure drops more at the other side of the spiral. More pressure
difference between two sides of the spiral results in more torque. When the capsule
moves up, the velocity normal to the spiral gets larger, indicating that the intestine
crosses the spiral quicker. Less stress relaxation of the intestine causes less pressure
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difference and less torque consequently.
Afterwards, the measurements were taken when the intestine was rotating
clockwise (at 1Hz) and the right-hand-spiral capsule was given with upward and
downward translations (each with a linear velocity of 3mm/s) in turn, as depicted in
Fig. 17. Since the tests were conducted within the different intestinal sample, the
conditions of physiology and lubrication might be slightly different. Therefore, the
measurements of resistive torque were slightly different but still in the same order
of magnitude. When the capsule was going down at the velocity of 3mm/s, the
torque was 0.35 mNm. When the capsule was going up at the velocity of 3mm/s,
the torque was 0.4 mNm. Our postulated explanation in the previous paragraph is
still valid for these results: due to the alteration in the rotation direction, the
velocity normal to the spiral was smaller when the capsule was going up (seen in Fig.
7.18), which resulted in more stress relaxation and consequently more pressure
difference and more torque for the spiral-type capsule. Then, the resistive torque of
this configuration was measured again for the rotating frequency raised from 1Hz to
2Hz. The torque difference between the cases of the capsule going up and down
became negligibly small. Due to the increased speed in circumferential direction, the
effect of translation on the resistive torque becomes weaker.
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Fig. 7.17: A right-hand-spiral capsule with the translation and the intestine with the
clockwise rotation.

Fig. 7.18: Velocities of the intestine across the spiral structure (with clockwise rotation of
the intestine).

7.1.5 Summary
The rotational resistance of a spiral-type capsule rotating inside the small intestine is
investigated by both in-vitro experiments and mathematical modeling analysis, on
which a limited literature is available. The experimental results show the viscoelastic
nature of the intestinal tissue and the effects of various spiral structures and
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rotating speeds. At low rotating frequencies (0.5~3 Hz), a capsule ( φ 11×26 mm)
wounded with a 1mm-high spiral works against a frictional torque varying from 0.5
mNm to several mNm. The torque increases with the frequency. Due to the same
number of spiral in the tests, the helical structure with a smaller helical angle raises
more in the lateral cross-section of the robotic capsule, which results in more
circumferential deformation of the small intestine and more rotational resistance.
Viscoelastic properties of the ‘real’ intestine are identified using a non-linear
optimization method. The validation results show that the proposed torque model is
reasonably effective to estimate the rotational resistive torque of the small intestine.
For different intestinal samples, though the rotational resistance is in the same
order of magnitude, their biomechanical and tribological properties may show some
variation due to the different conditions such as the duration of freezing time,
intestine size, capsule weight, and humidification level. Both the experimental and
modeling work provide a useful reference to characterize the required torque for a
spiral-type capsule and, therefore help to undertake the design and optimization of
the capsule robots for medical use in the GI tract. However, before such a spiral-type
robot is used in a real human GI tract, in-vivo experiments should be conducted in a
highly unstructured, slippery, deformable and non-smooth environment to obtain a
more accurate estimate of the rotational resistance.

7.2 Tractive force
When a spiral-type capsule is rotating inside the small intestine, the interaction
between them makes the intestine deformed and the consequent reaction force of
the soft tissue generates and supports the traction of the robotic capsule. The
tractive force of different spiral-type capsules was experimentally investigated in this
section.
7.2.1 Experimental setup and procedures
The experiments were conducted in two stages. In the first stage, the experimental
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setup shown in Fig. 7.2 was employed, except that the torque sensor was replaced
with a force sensor. Since the relative motion between the capsule and the intestine
was only the rotation, there was no friction in the axial direction, which means the
measurement by the sensor was purely the tractive force for the capsule. The effect
of rotating speed was investigated first. Then the tractive forces of different
spiral-type capsules were measured to compare the performance of various traction
topologies.
In the second stage, the experimental setup shown in Fig. 7.14 was employed except
that the force sensor was used instead of the torque sensor. With the robotic arm, a
translational movement was provided to a spiral-type capsule to simulate the linear
propulsion. The sensor measured the net force in the axial direction, including both
the tractive force and the sliding friction due to ‘propulsion’.
As described in the previous section, all the spiral-capsules were fabricated based
on the Pillcam SB2 capsules (Given Imaging) and the brass wire of φ 1 mm was
wound on the dummy capsules as the spiral structures.
7.2.2 Results and Discussions
7.2.2.1 Experiments with rotation only
The capsule with one spiral and the helical angle of 10° was tested first. The tractive
force was measured when it was rotating at three different speeds. The result is
shown in Fig. 7.19 where the tractive force is almost proportional to the rotating
speed within the tested range of the frequency.
After that, the force measurements were taken for the capsules with different spiral
structure but rotating at the same frequency (2Hz), in order to compare the
performance of the traction topologies. Since the tests were conducted with
another intestinal sample, the magnitude of the force measurements is slightly
different from those in Fig. 19 due to different conditions of physiology and
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lubrication. However, all the results are still in the same order of magnitude. The
result is shown in Fig. 7.20 where the tractive force could be raised by using two
spirals instead of one spiral because the contact area was enlarged. Among all the
tested spiral-type capsules, the one with two spirals and the helical angle of 40°
generated the largest tractive force from the reaction of the deformed intestine. As
the helical angle increased further to 60°, the tractive force dropped largely for a
capsule with two spirals. We postulate that, as the helical angle reaches
approximately 45°, the rotating momentum can be converted to translational
momentum at almost the best efficiency, which consequently results in the
maximum traction force. With the helical angle beyond 45°, the reaction force on
the spirals contributes less in the axial direction but more in the circumferential
direction, which reduces the traction force but increases the rotational resistance.
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Fig. 7.19: The tractive force of a spiral-type capsule (number of spiral: 1, helical angle: 10°
and spiral height: 1mm) rotating at different frequency.
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Fig. 7.20: The tractive force of different spiral-type capsules at the rotating frequency of
2Hz.

7.2.2.2 Experiments with rotation and translation
As indicated in Subsection 7.2.1, the translational movement was provided to the capsule
by the robotic arm to simulate the propulsion. The rotation was generated and kept at the
frequency of 1Hz by a stepper motor. The axial force on the spiral-type capsule (1 spiral,
helical angle: 10°) was measured when both the rotation and translation were proceeding.
The sensor captured the net axial force, which includes not only the tractive force but also
the sliding friction in the axial direction. The result is shown in Fig. 7.21 where the net force
decreased as the ‘propulsion’ was accelerated. The diameter of the base capsular body was
11 mm. With the helical angle of 10°, the lead of this spiral-type capsule was 6.09 mm. This
means when this capsule was rotating at 1Hz (1 revolutionary / second), the ideal
propulsion velocity was 6.09 mm/s, which also indicates ‘no slippage’ at all in this ideal
situation. It is found in Fig. 7.21 that the net force became negative when the ‘propulsion’
velocity was raised to 6mm/s, which means that the axial friction was larger than the
tractive force. This implies that the ideal propulsion velocity without slippage would never
be achieved for a spiral-type capsule moving inside the intestinal lumen.
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Fig. 7.21: The axial force of different spiral-type capsules at the rotating frequency of 2Hz.

7.3 Experiments with spirals having different cross-section profiles
In this section, some experiments were conducted to investigate the effect of the
spiral’s cross-section profile on resistive torque and tractive force. The impact of
carving grooves onto the spirals was particularly studied.
7.3.1 Experimental setup and procedures
The torque and force measurements were taken with four different spiral-type
capsules as shown in Fig. 7.22. All the capsules have the spirals with the same helical
angle of 10°. The only difference in their spiral structures is the cross-section in
order to evaluate the effect of the cross-section profile of a spiral. All the spirals are
made of 1mm diameter brass wires. However, the first one (from left) is pressed
down. Hence, the spiral is a bit wider but has a slightly smaller height (~0.8mm). The
second spiral is not deformed. But a couple of grooves are carved in its surface. The
third one is the smooth and regular wire. The last one is a deformed wire as well.
But this spiral has the increased height (~1.2mm) but the decreased width. The
measurements were only taken when the capsules were rotating without translation.
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The rotating frequency was 1Hz.
After that, the capsules with ‘smooth spiral’ and ‘grooved spiral’ were tested again
in another small intestine specimen. The rotating frequency was altered to study the
effect of the grooves at different rotating speed.

Fig. 7.22: Capsules with different cross-sectional spirals.

7.3.2 Results and Discussions
The results showing the effects of the different cross-section profiles are presented
in Table 7.4. Since the capsules are not provided with a translational motion, there is
no sliding friction in the axial direction. Therefore, the force measurements indicate
the traction force of the capsules resulting from the pressure difference between
the two sides of the spirals. From the results, it is seen that the deformed
cross-section profile with the reduced height performs worst. Compared to the
regular and smooth one, its resistive torque remains the same and its traction force
decreases, which means that it will produce less propulsion force under the same
magnetic torque. Hence, the wider but lower spiral cross-section is not a good
option for propulsion. The other two modifications to the 1mm wire suggest the
similar effects. With the grooves, the spiral generates more traction force while the
resistive torque also increases at the same time. The narrower and higher spiral
cross-section gives rise to the increased traction force and resistive as well,
compared to the regular and smooth spiral. If enough magnetic torque is available
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for the spiral-type capsule, apparently, a larger traction force is desired so that the
capsule can overcome the axial sliding friction due to its advancement in the
intestine.
TABLE 7.4 Torque and force measurements for different spiral cross-section profiles
Resistive torque
Tractive force
Spiral Cross-sections
(mNm)
(mN)
Regular and smooth
2.2
20
Regular, grooved

2.7

23

Deformed, decreased height

2.2

17

Deformed, increased height

2.5

22

As mentioned in subsection 7.3.1, the effect of grooves was investigated further. The
comparison of the measurements with a ‘smooth spiral’ and a ‘grooved spiral’ was
shown in Fig. 7.23 and Fig. 7.24. It is seen that carving grooves increased both the
resistive torque and the tractive force for the spiral-type capsule, which shows the
same effect indicated by the result in Table 7.4. However, as the rotating speed
increased, the effect of a ‘grooved spiral’ was weakened. At the rotating frequency
of 3Hz, the performances of two capsules were similar in both resistive torque and
tractive force.
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Fig. 7.23: Torque comparison of a smooth-spiral capsule and a grooved-spiral spiral capsule.
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Fig. 7.24: Traction comparison of the smooth-spiral capsule and the grooved-spiral spiral
capsule.

7.4 Capability of movement
The propulsion velocity is one of the key criteria to evaluate the locomotion
performance of a mobile robot. Different spiral-type capsules were propelled inside
the real small intestine and the capability of movement was investigated. Parts of
the results in this section are reported in [110].
7.4.1 First group of experiments
The first group of experiments was conducted with the capsules with one spiral and
different helical angles. The effect of different number of spirals was also studied by
comparing three capsules with the same helical angle but one, two and three spirals,
respectively.
7.4.1.1 Experimental setup and procedures
The same experimental setup used for propulsion tests in silicone oil, described in
Chapter 4, was employed to investigate the capability of movement of a spiral-type
robotic endoscopic capsule, except that the vinyl tube filled with silicone oil was
replaced with a segment of the real small intestine with mucus. A general view of
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the experimental setup is shown in Fig. 7.25.

Fig. 7.25 General view of the experimental setup.

A spiral-type capsule was fabricated by winding a segment of wire around the outer
surface of a dummy Pillcam SB2 capsules (Given Imaging). A permanent magnet was
mounted at the central area of the capsule to obtain magnetic induction. It has a
cylindrical shape with 6.35mm in diameter and 6.35mm in height. The
magnetization of the NdBFe magnet was 6600G and oriented in the radial direction
of the capsule. Since every spiral structure was wound on the cylindrical surface of
the capsule, it had the same length (15 mm) in the longitudinal axis. The ex-vivo
propulsion experiments were conducted with seven spiral-type capsules with
different spiral structures, listed in Table 7.5.
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TABLE 7.5 The capsules prepared for the propulsion tests
Capsule Number of
Lead
Helical Angle
Spiral Height
No.
spirals
(mm)
(°)
(mm)
1
1
3
5
1
2
1
6
10
1
3
1
10
15
1
4
1
12
20
1
5
2
12
20
1
6
3
12
20
1
7
1
6
10
2
A sample of the porcine intestine was used for the ex-vivo experiments since it is
reportedly most similar to a human being’s [111]. The capsules were inserted into
the fixed intestine and actuated by the electromagnetic system one by one. The
small intestine could be dried out in a short period of time when exposed to the air.
Therefore, the experiments were carried out in a short time so that the tissue
condition could be kept as consistent as possible. It is better not to spray a large
amount of physiological saline during the tests since it may change the
biomechanical characteristics of the intestine and the mucus. Only a little
humidification was employed on the outer surface of the specimen when it was
necessary.
7.4.1.2 Experimental results and discussions
Fig. 7.26 shows the propulsion velocities of the capsules No. 1 - 4, which have one
spiral and identical spiral height (1 mm) but different leads. The propulsion is
proportional to the rotation frequency, within the range of 1~5 Hz. This is closer to
the CFD predictions than the experiments in the vinyl tube. The likely reason is that
the capsule has a more uniform interaction with the working environment in the
real intestine, which prevents the unbalancing phenomenon observed with the
capsule operating in the vinyl tube. Consequently, the higher is the rotation
frequency, the more stable and smoother is the propulsion. With reference to Fig.
7.26, the propulsion velocity becomes higher at each frequency as the helical angle
increases from 5° to 15°. However, when the helical angle is increased further to 20°,
the propulsion velocity does not become better but impairs. Only at 1 Hz, it
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outperforms the capsule with the helical angle of 15°. This trend is similar to that
in the experiments in the vinyl tube and the explanation is also the same. We
postulate that this ‘best-performed’ helical angle can be increased by introducing
another spiral. Two spirals will make the geometry more symmetrical than the
capsule with one spiral. This follows that the rotation will become more uniform
when the helical angle/lead increases.
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Fig. 7.26 Velocities of the capsules with one spiral and the same spiral height (1mm) but
various helical angles.

Fig. 7.27 shows the propulsion velocities of the capsules No. 4 and 5, which have the
same spiral height (1 mm) and helical angle (20°) (or lead (12 mm)) but different
number of spirals. These results indicate that the capsule with two spirals performs
better than the capsule with one spiral, especially when the rotation becomes faster.
The capsule with 3 spirals was also tested. However, since the frictional torque was
greater than the produced magnetic torque, the capsule was not successfully
propelled and it only twisted the intestine.
The capsule No. 7 with the spiral height of 2 mm also failed to be rotated by the
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magnetic torque since the total diameter of the robot was relatively larger than that
of the intestinal specimen, making the friction too large to overcome before the
intestine got twisted. It indicates that the spiral height needs to be considered
together with the base size of the capsular body, make the total diameter of the
capsule robot correspond to the size of the intestinal lumen to avoid twisting the
intestine due to too large friction. In our case, the spiral height of 1 mm is more
suitable to the porcine small intestine sample than the one with the spiral height of
of 2 mm.
The propulsion velocities were in the range of 2.5 ~ 35 mm/s for the successful
experiments with the rotation frequencies between 1 and 5 Hz. Among all the
tested capsules in the ex-vivo experiments, the one with two spirals and the lead of
12 mm and the spiral height of 1 mm shows the best performance based on the
propulsion velocity.
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Fig. 7.27 Velocities of the capsules with the same spiral height (1mm) and helical angle (20°)
but different number of spirals.

As successfully propelled, the robotic capsule must lose some propulsion due to the
slippery feature of the inner environment of the intestine. To investigate the slip
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effect, we introduce a parameter called the slip ratio, SR, which is given by,
SR = 1 −

V real
Lf

,

(7.9)

where Vreal is the real velocity, L is the lead of the spiral structure, and f is the
rotational frequency. The denominator in Eq. 7.9 is the theoretical propulsion
velocity for a spiral-type capsule without any slip.
Fig. 7.28 shows the examples of SR for the capsules No. 3 (1 spiral, helical angle =
15°) and 4 (1 spiral, helical angle = 20°). It is observed that the slip ratio increases
with the rise of the frequency, which means more propulsion is lost when the
rotation becomes faster because of the slip. By comparing the SRs for the two
capsules, it is suggested that bigger helical angle leads to more slip for those
capsules with only one spiral. Theoretically, the bigger helical angle should be more
helpful to convert effective rotational movement to translational movement.
However, if this increased conversion is not able to make up for the lost propulsion
resulted from the increased slip, the propulsive velocity may decrease instead of
increasing. We postulate that too much slip is probably the reason why the capsule
No. 4 performs worse than the capsule No. 3, shown in Fig. 7.26. The introduction of
more spirals can overcome this problem. Fig. 7.29 shows the examples of SR for the
capsules No. 4 (1 spiral, helical angle = 20°) and No. 5 (2 spiral, helical angle = 20°).
From the graph, it is easy to see that the capsule with two spirals has much less slip
than the capsule with one spiral.
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Fig. 7.28 The examples of SR for the capsules No. 3 and 4.
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Fig. 7.29 The examples of SR for the capsules No. 4 and 5.

A spiral-type robotic capsule depends on the pressure difference between two sides
of the spiral to generate propulsion. The pressure is essentially the internal pressure
of the intestinal tract, which was mostly determined by its deformation due to the
capsule’s insertion. The addition of the spiral makes the cross-section of the robotic
capsule bigger, which increases the deformation of the intestinal tract. This increase
becomes larger if the helical angle is smaller. Therefore, when the number of spiral
and spiral height are constant, a smaller helical angle leads more deformation in the
intestine and consequently causes more hoop stress. Increasing the number of
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spirals and spiral height can also show the same effect. Once the hoop stress
increases, there is more support from the intestinal wall, which reduces the slip for
the capsule. However, this rise in the hoop stress also increases the friction in both
rotational and translational directions, which requires more power for the
propulsion. Moreover, if the circumferential resistance reaches a certain value, the
capsule could not rotate inside the intestine but only twist the intestine instead,
which can cause a serious safety issue that must be avoided.
7.4.2 Second group of experiments
In Subsection 7.4.1, the first group of experiments tested the capsules with different
helical angles. With one spiral, the propulsion velocity of a spiral-type capsule
started to drop when the helical angle was raised to 20°. It was also revealed that,
by increasing number of spirals, the slip ratio could be reduced and it consequently
improved the propulsion velocity of the robotic capsule. Two spirals outperformed
one spiral and three spirals in the previous group of experiments. The configuration
of two spirals is likely to be the best configuration regarding the effect of number of
spiral for a spiral-type capsule. Therefore, the propulsion tests on more two-spiral
capsules with different helical angles were conducted and presented in this
subsection, in order to identify the optimised helical angle under the configuration
of two spirals from the perspective view of propulsion speed. Besides, the
performance of a few three-spiral capsules was investigated.
7.4.2.1 Experimental setup and procedures
The same experimental platform was employed to wirelessly provide actuation to
the magnetic capsules. The tests were conducted within three intestinal specimens
(from the same pig). All the tests were conducted with the rotating frequency of 2
Hz.
7.4.2.2 Experimental results and discussions
By observation from the videos, the capsule with 20° and 2 spirals shows the most
stable performance from the point of view of effective movement. It can finish the
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whole travelling through the intestinal samples every time. The capsule with 60° and
two spirals showed the worst performance. It failed to move forward and only
rotated at the same spot when tested in either Sample 2 or Sample 3. It was only
propelled in a short section of Sample 1 where the lumen size is relatively uniform.
Nevertheless, it moved very slow and showed a lot of slippage and stopped moving
forward when its leading semi-sphere reached a narrow section of the lumen. The
videos also show that the propulsion of every capsule was not constant. The velocity
highly depends on the local morphology and physiology of the intestine. The most
likely spot where the capsule loses propulsion is around the area that the lumen
becomes narrow from wide abruptly. In this case, the axial resistance on the
semi-spherical head becomes large all of sudden, but the axial tractive force from
the intestine on the spirals (wound on the straight middle section) does not increase
correspondingly, which makes tractive force not enough to overcome the axial
resistance and the capsule spins around its axis consequently.
TABLE 7.6 The velocity measurements of 2-spirlal and 3-spiral capsules propelled
within three intestinal specimens at rotating frequency of 2 Hz
Velocity in
Velocity in
Velocity in
Average
Capsule
Sample 1
Sample 2
Sample 3
Velocity
Configuration
(mm/s)
(mm/s)
(mm/s)
(mm/s)
20°, 2sp
11.14
13.33
12.25
12.24
30°, 2sp
10.27
12.48
11.57
11.44
40°, 2sp
10.45
12.52
11.47
11.48
60°, 2sp
3.13
Spin only
Spin only
3.13
30°, 3sp
13.08
15.07
14.28
14.14
40°, 3sp
12.75
16.19
13.89
14.28

The results of velocity tests are shown in Table 7.6. With 2 spirals, the capsule with
the helical angle of 20° moved fastest. The 30° and 40° capsules had much slippage.
This slipping effect was reduced by adding one more spiral. With 3 spirals, the 30°
and 40° capsules generated more propulsive force from the intestinal wall due to
the increased contact area and the slippage decreases subsequently. The capsules
travelled faster. The slip ratio of the propulsion is calculated for all the tested
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capsules, as shown in Fig. 7.30. It is seen that the 60° capsule with two spirals had
the largest slippage while the 20° capsule with two spirals was propelled with the
least slippage, even less than those of the three-spiral capsules.

1.2
1
Slip Ratio

0.8
0.6
0.4
0.2
0
20°, 2sp 30°, 2sp 40°, 2sp 60°, 2sp 30°, 3sp 40°, 3sp
Configuration of Spiral Structure

Fig. 7.30 Slip ratio of propulsion of the tested 2-spirlal and 3-spiral capsules.

The three-spiral capsules showed the faster movement in the region where they
were successfully propelled. However, from the observations, it was found that they
often failed to pass through the entire intestinal sample and usually stopped being
propelled when facing the narrow section, which made the performance unstable.
We postulate that this is because the introduction of the third spiral led to more
axial resistance at the leading side of the capsule, especially when it started to
attack the narrow section of the small intestine. Besides, with 3 spirals, the torsional
resistance must be larger than the ones with 2 spirals when the helical angles are
the same due to the increased contact area, which would require more power
consumption for the magnetic actuation.
Thus, considering the trade-off between the velocity and propulsion stability, the
capsule with 20° helical angle and 2 spirals is considered as the best performer
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among all the tested capsules.
7.4.3 Experiments with other prototype capsules
A prototype capsule with a magnetic shell, shown in Fig. 7.31, was preliminarily
tested in the intestine. The assembly consists of the magnetic shell (outer diameter:
15mm, thickness: 2mm) and two semi-spheres, which were fabricated by a 3D
printer to match the size of the shell. Inside the capsule, it was empty space, which
could be utilised to accommodate diagnostic and therapeutic function modules in
the future. Also, the two ends will need to be made transparent for vision of the
camera.

Fig. 7.31 A spiral-type capsule with magnetic shell propelled inside a real small intestine.

The magnetic shell was magnetised in its radial direction. Therefore, when a rotating
magnetic field was generated, the prototype was spined around its longitudinal axis.
In the region where it was successfully propelled, it shows better balancing than
those with cylindrical magnets integrated at the centre of the capsules. The
unbalancing of the weight leads to wobbling motions sometimes, which could lower
the propulsion velocity of the robotic capsule and sometimes even twist the
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intestine in the worst case. The diameter of the tested prototype is relatively large.
The outer diameter is 15 mm, which makes more deformation of the intestine than
a Pillcam SB2 capsule (diameter = 11mm) does at the leading side. This causes large
friction in both axial and circumferential directions during the propulsion. This
problem can be addressed by using a smaller sized magnetic shell for the robotic
capsule. More prototype capsules of such a kind will be fabricated and tested after
the small-sized (~11mm in outer diameter) magnetic shells are acquired from a
magnet manufacturer.
Another prototype capsule with a hollow silicone spiral is shown in Fig. 7.32. Since
the spiral is made of a soft material and is hollow, it can be compressed, which
makes spiral height adjustable. The capsule was propelled in the small intestine in
order to investigate whether this change in spiral material can bring about benefit to
the capsule’s propulsion. By observation from the experiments, the capsule with the
silicone spiral got more friction, either in the circumferential or the axial direction. It
produced more frictional torque, which was shown in the recorded video that the
capsule failed to be in synchronization with the rotating magnetic field more easily
compared to the counterpart with the brass spiral. This means that we need a larger
magnetic torque to make the capsule keep rotating. In the axial direction, the
capsule with the silicone spiral also produced more sliding friction. Its propulsion
velocity is lower than the one with the brass spiral, shown in Table 7.7. For a
spiral-type capsule, the propulsion comes from the pressure difference between
two sides of the spiral. The sliding friction is not beneficial but detrimental to the
propulsion of the capsule. From the theory of tribology, when two similar materials
slide on each other, they generate more friction. Therefore, it is not a good choice to
use a viscoelastic material as the spiral structure. Having said that, it must be noted
a spiral’s topology is the more important factor than its material, in regard to
increasing the traction force for the capsule.
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Fig. 7.32 A capsule with a hollow silicone spiral.

TABLE 7.7 Comparison of propulsion velocity of capsules with the same spiral
topology (20deg, 2sp, 1mm height) but different spiral materials (silicone vs. brass)
Velocity at 1Hz rotating
Velocity at 0.5Hz rotating
Spiral material
speed
speed
(mm/s)
(mm/s)
Solid brass
2.74
5.2
Hollow silicone
2.48
4.4

7.4.4 Steering ability of a spiral-type capsule
All the above experiments and analyses in this section are mainly for finding the
influence of different topologies of a spiral-type capsule on its linear propulsion
velocity. However, as far as a robot’s moving ability is concerned, it’s not only about
maximization of its propulsion velocity. The capability to change its moving direction
is also necessary for the robotic capsule to have active locomotion.
As discussed in Chapter 3, changing the capsule’s moving direction is essentially
changing the rotational plane of the rotating magnetic field. This is realized by
altering the setup of the external electromagnetic system. To propel the capsule
linearly, only a biaxial Helmholtz coil system with two electric loops is needed.
However, to change the capsule’s moving direction, a tri-axial Helmholtz coil system
135

Chapter 7 – Experimental investigation of the performance of a spiral-type
robotic capsule endoscope inside a real small intestine

is required. Referring to Eq. 3.18 and Eq. 3.19 in Subsection 3.3.3, two electric loops
with 90° phase difference are needed for y-axis coil and z-axis coil; we need to have
the tri-axial Helmholtz coils. In this study, the capsule’s steering ability was only
tested in the horizontal plane, which means the angle  in Eq. 3.18, Eq. 3.19 and
Eq. 3.20 was zero. Therefore, only one electric loop was required for either y-axis or
z-axis coil.
In the experiment, the small intestine was laid horizontally and mounted on a flat
panel, similar to the setup in the other propulsion tests. The only difference about
the sample was that the intestine was fixed in a u-shape instead of being straight.
Three power amplifiers were employed. Each of them amplified one sinusoidal
signal generated from the computer and totally three electric loops of the tri-axial
coils were activated. Angle  in Eq. 3.18, Eq. 3.19 and Eq. 3.20 was an adjustable
parameter in the QuaRC program (interface program between Matlab Simulink and
hardware), representing the angle between z-axis and the capsule’s moving
direction. By changing the value of angle , the electric currents through the coils
were correspondingly changed and the capsule could be steered at will in the
horizontal plane. It was observed from the experiments that the moving direction
should be altered gradually when the capsule was approaching the bend of the
intestine. If angle  was changed directly from 0° to 90°, sometimes the capsule
failed to turn smoothly. Instead, its two ends flipped over first, which twisted the
intestine in its longitudinal direction and made the capsule stuck in the folded
section, as shown in Fig. 33 (b). Since the onboard permanent magnet was
magnetised in the radial direction, though flipped over, the capsule would keep
rotating in the same direction. The flip-over didn’t change the spiral’s direction,
either. Therefore, the robotic capsule would try to move in the same direction.
When trapped in the folded section, this linear movement couldn’t be successful. To
avoid this problem, we changed the value of angle  from 0° to 30° as the capsule
started to enter the bend. After it turned a little, angle  was changed again, from
30° to 60° and then the angle’s value was set to 90° eventually. It was observed that
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the robotic capsule successfully passed the bend and kept moving forward in the
new direction. The similar operation was conducted again for the capsule to make
another turn at the other bend. Consequently, the robot finished the entire route in
the u-shaped intestinal sample successfully.

Fig. 7.33 (a) Comparison of a spiral-type capsule; (b) with some other locomotive objects.

During this experimental study, the control of angle  was discrete because the
values were input with the keyboard, which was not ideal for a smooth change of
the movement direction. Additionally, this operation might not be practical when
testing the 3-dimensional steering ability in the future, because both angle
 "#$ angle  will need to be adjusted simultaneously in real time. Therefore, a
joystick or the like is necessary to make the adjustment of angle  "#$ angle 
easily and straight-forwardly so that the whole steering operation can be
user-friendly. Such a control system will be developed by linking the controller (a
joystick) into the QuaRC program in the future work. Then, the investigation into the
steering ability of the locomotion system can be conducted further in 3-dimensional
tests.
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7.5 Evaluation of locomotion efficiency
7.5.1 Specific tractive force
Over five decades ago, Gabrielli and von Kármán proposed a dimensionless term to
evaluate the locomotion performance of different vehicles (air, water, and ground):
specific tractive force [112, 113]. It is the ratio of power divided by the product of
locomotion speed and gross weight. The lower the specific tractive force is, the
more efficient the locomotion is.
7.5.2 Locomotion efficiency of spiral-type robotic capsules
The specific tractive force of a spiral-type capsule is calculated by
( = )/+, ,

(7.10)

where, P is the power consumption of the robot [114]; W is the weight of the
spiral-type capsule, which is about the same for each of them, 6.22 × 10 N; V is
the propulsion velocity in the axial direction.
The power of a robotic capsule obtained from the external power system is
calculated by
) = 34 ,

(7.11)

where ω is the angular speed and τ is the resistive torque exerted on the capsule.
Based on Eq. 7.10 and Eq. 7.11, the values of specific tractive force are calculated for
the capsules (based on pillCam SB2 dummy capsules) with different spiral structures
(∅1mm brass wire) and the results are listed in Table 7.8.
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TABLE 7.8 The specific tractive force of the spiral-type capsules propelled in the
small intestine at rotating frequency of 2 Hz
Angular
Resistive
Power
Axial
Specific
Capsule
Speed
Torque
Consumption Velocity
Tractive
Configuration
(rad/s)
(mNm)
(mW)
(mm/s)
Force
5°, 1sp
12.57
0.40
5.03
3.62
22.34
10°, 1sp
12.57
0.32
4.02
7.66
8.437
15°, 1sp
12.57
0.29
3.65
9.91
5.921
20°, 1sp
12.57
0.25
3.14
7.27
6.944
20°, 2sp
12.57
0.35
4.40
12.24
5.779
30°, 2sp
12.57
0.43
5.41
11.44
7.603
40°, 2sp
12.57
0.45
5.66
11.48
7.927
60°, 2sp
12.57
0.45
5.66
3.13
29.07
30°, 3sp
12.57
0.51
6.41
14.14
7.29
40°, 3sp
12.57
0.54
6.79
14.28
7.64
From Table 7.8, it is seen that the specific tractive force of a capsule with 20° helical
angle and two spirals is the lowest, indicating the best locomotion efficiency among
the tested capsules. Hunt reported a figure, including data for pedestrians, horses,
cars, and some modern walking robots [115]. The specific tractive force of the
animals is in the range of 0.01 ~ 0.1. The worst performance in Hunt’s report was
from hexapodal robots, whose specific tractive force is about 2 ~ 9. The specific
tractive force of a spiral-type capsule inside the small intestine ranges from 5.779 to
29.07 shown in Table 8. The performance of most of the tested capsules is
comparable to that of the hexapodal robots, shown in Fig. 7.34. However, it is still
much higher than the others, e.g., two orders higher than that of lizards or
pedestrian. The reason is mostly because of the robotic capsule’s special working
environment, a slippery, collapsed and viscoelastic lumen.
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Fig. 7.34 Comparison of a spiral-type capsule with some other locomotive objects [115].

7.6 Conclusions
The rotational resistance, tractive force, capability of movement, and locomotion
efficiency of spiral-type capsules with different spiral-structures are studied in this
chapter. It is found that the optimisation of such a robotic capsule is a compromise
among propulsion velocity, stability, efficiency, and safety as well. From this point of
view, the capsule with 20° helical angle and two spirals shows the best performance
among all the tested capsules. In terms of materials for the capsule, it is better not
to use viscoelastic materials because they tend to have more bonding and frictional
forces with the intestinal wall, which brings no benefit but harm to the propulsion of
a robotic capsule endoscope.
The steering ability of the spiral-type capsule was preliminarily tested in the
2-dimensional in vitro experiments, indicating that the locomotion system is capable
of changing the moving direction of the capsule inside the small intestine.
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Chapter 8
Conclusions and recommendations
This thesis has examined the current development and the promising potential of
wireless capsule endoscope (WCE) as a minimally invasive medical device for
undertaking diagnostic and therapeutical procedures in the gastrointestinal (GI)
tract. The continuous research efforts to develop active locomotion for a future
multifunctional WCE are reviewed and a spiral-type robotic WCE is proposed to
travel inside the GI tract based on magnetic actuation. Substantial theoretical and
experimental work has been conducted in this thesis to investigate the feasibility
and optimisation of the locomotion system for a robotic WCE.

8.1 Conclusions
The following conclusions are drawn from the results presented in this thesis:


Compared to the direct pulling, a spiral-type robotic capsule actuated by a
rotating magnetic field offers better motion control and it is simpler to activate.



Based on the theoretical calculations and finite element analysis, circular coils
can generate a stronger magnetic field than the square coils can under the
same electric current or input.



The propulsion system with two spirals with the rectangular cross-section
whose width and height are both 1 mm give the best propulsion velocity.



In the experiments within a vinyl tube filled with silicone oil, an endoscopic
capsule with two spirals with a height of 1 mm and a lead of 20 mm (helical
angle: 30°) showed the best performance when it was magnetically propelled
by a rotating magnetic field with the frequency of 2 Hz.
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The biomechanical and biotribological properties of the small intestine were
experimentally investigated by a rheometer. The dynamic testing results suggest
that the storage modulus increases when the frequency is raised within the
tested range. The loss modulus shows a little dependency on the angular
frequency. The damping factor firstly decreases and then becomes stable
afterwards with an increased frequency.



A standard three-parameter viscoelastic model is used to predict the shear
stress from the given shear strain. The modeling and experimental results show
a very good consistency, which indicates that the model is accurate enough to
predict the viscoelastic behavior within the linear viscoelasticity (LVE) range at a
relatively low frequency.



The COF decreases with the sliding speed within a very low range (from
0.5mm/s to ~10mm/s in this study). In addition to the speed, the variation in
the normal force due to a different interaction depth also affects the COF, which
is distinct from that of the hard solid surfaces.



With reference to the theory of rubber friction, it is found that the sliding
friction on the intestine can be strongly related to the internal friction of the
tissue. This relation can be employed for the design and optimization of the
traction topology of a spiral-type capsule and to determine the operating
condition as well, such as its optimal rotational speed.



A solid bar made of a viscoelastic material causes large COFs. Moreover, the
COF can be increased by engraving grooves into the contacting surface.



The prediction from the non-linear FEA is compared to the experimental
measurements that they indicate the same trend regarding the mechanical
response when a capsule contacting the inner wall of a small intestine. Besides,
the magnitude of the prediction is also reasonably close to the measurements,
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which provides more confidence to use the FEA as a tool to evaluate the
performance of different helical structures and consequently help the design
optimization of the traction topology of a spiral-type capsule.


The FEA shows that not only the sliding friction but also the traction force from
the pressure difference on the spiral is velocity dependent.



We have used 3D FEA to investigate the motion of a spiral-type robotic capsule
within a biomechanical intestinal lumen since there is no reported effort for
such an application in this field.



Viscoelastic properties of the ‘real’ intestine are identified using a non-linear
optimization method. The validation results show that the proposed torque
model is reasonably effective to estimate the rotational resistive torque of the
small intestine.



For different intestinal samples, though the rotational resistance is in the same
order of magnitude, their biomechanical and tribological properties may show
some variance due to the different conditions such as the duration of freezing
time, intestine size, capsule weight, and humidification level.



The capability of movement of different spiral-type capsules was investigated
when they were propelled inside a real small intestine. By considering velocity
as well as stability, the capsule with 20° helical angle and two spirals shows the
best propulsion performance among all the tested capsules.



The spiral-type capsule was successfully steered and propelled through a
u-shaped intestinal sample in the horizontal plane by controlling the actuation
and locomotion via the external electromagnetic system.



The propulsion tests show that, it is better not to use viscoelastic (silicone spiral
tested in this study)

materials for either the capsule itself or the spiral
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structure because they tend to have more bonding and frictional forces with the
intestinal wall, which brings no benefit but harm to the propulsion of a robotic
capsule endoscope.


The locomotion efficiency was evaluated by a dimensionless term: specific
tractive force. The most efficient spiral-type capsule propelled in the real
intestine is the one with 20° helical angle and two spirals.



The optimisation of the traction topology of a spiral-type robotic capsule is a
compromise between propulsion velocity, stability, efficiency, and safety as well.
The capsule with 20° helical angle and two spirals shows the best performance
among all the tested capsules propelled in the real intestine.

8.2 Recommendations for future work
Additional work needs to be carried out to deepen the research in this field to the
point where a robotic WCE is ready to be commercialised into practical medical
applications. Some of further studies are identified and listed as follows:



The biomechanical FEA has been verified as an effective tool to theoretically
investigate the viscoelastic contact between a robotic WCE and the intestinal
lumen once enough computational resource is provided. However, the work
presented in this thesis is still at the preliminary stage, especially for the 3D
simulations. The small intestine’s material properties are defined by its
hyperelasticity together with viscoelasticity. For simplicity, it is only assumed to
be isotropic in this study. The consistency to the real soft tissue can be
improved by utilising anisotropic data from the biaxial biomechanical tests.
Besides, if the computational element is downsized further, more layers of
elements can be used in the direction of the tube’s thickness. More details of
the intestine’s deformation and loading imposed by the action of the capsule
could be captured for the mechanics of the tissue, which would consequently
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increase the accuracy of the prediction.


Chapter 5 presents the investigation into the interrelation between the
intestine’s internal friction and an object’s sliding friction on it. In the future,
better instruments should be employed to measure the damping factor of the
intestine within a wider range of frequency, and the corresponding sliding
friction should also be tested with a faster sliding speed so that their relation
can be further investigated within a broader range. Also, more intestinal
samples from different porcine subjects should be tested to draw more
generalized conclusions from the results presented in this study.



The analytical model (for predicting resistive torque of a spiral-type capsule)
presented in Section 7.1 should be improved by taking into account the stress
concentration around the spiral structure. Additionally, more sizes of spirals
should be tested in real intestines in order to study the extent of validity of the
model.



The spiral-type capsules with different spiral structures should be tested in vitro
within more intestinal samples from different porcine subjects in order to
increase the generality of the findings in this thesis.



The spiral-type capsules with different spirals structures should be tested in
vitro within the other parts of the GI tract, such as esophagus and colon. A
capsule with self-adjustable spiral height will be desired to suit different sized GI
lumens. Some possible methods are like using the centrifugal force of rotation
for an expandable spiral structure or fabricating a compressible spiral structure
so that the spiral height can be reduced when the capsule enters a narrow
section of the tract, which decreases the tract’s deformation and consequently
reduces the resistance.



Chapter 5 presents that grooves on spirals can increase the reaction force when
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sliding on the intestine, which could help the traction. The effect of grooves
should be further studied by performing more mechanical and propulsion
experiments with grooved-spiral-type capsules. Different number and depth of
the grooves as well as different gaps between grooves should be tested. In
addition to the grooves, the effects of other micro patterns (e.g., circle,
rectangle, diamond, cross-lines, etc. [116]) on the spirals should be investigated,
too.


In this study, most experiments were conducted with brass spirals. In the future,
different materials can be employed as the spiral structure, such as glass, catgut
or some other biocompatible materials. Their performance in terms of
propelling a robotic capsule should be measured to identify the optimal
materials for traction. Besides, since the spiral motion requires a continuous
contact with the internal intestinal wall, there might be some dragging of the
tissue from one segment of the intestine to other segments, which can be very
dangerous in presence of metastatic cells. To avoid this risk, the materials with
low COF are desirable as spiral structures considering medical safety.



The small-sized (~11mm in outer diameter) magnetic shells should be
specifically fabricated and acquired from a magnet manufacturer. Such a
magnetic shell will replace the cylindrical permanent magnet to improve the
balancing of spiral-type robotic capsule. Since the shell acts as the outer surface
of the capsule robot, it will sightly save some internal space and avoid the
interference when placing some other functional modules inside the capsule.



All the spiral-type capsules tested in this work are based on dummy Pillcam SB2
capsules (Given Imaging), which consists of two semi-spheres as the two ends
and a cylinder with the constant diameter in the middle. In the future, we will
fabricate and test the capsules with different geometrical profiles. For instance,
at the leading side, a cone-like head with spirals wound on it could be adopted,
which is likely to reduce the resistance and simultaneously enhance the traction
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due to the presence of spirals at the foremost position when the capsule
attacking the collapsed tissue, especially in case of a narrowing intestinal
lumen.


The three-dimensional steering test of a robotic spiral-type capsule should be
performed in a curved intestinal sample (in vitro) mounted on a sloped
(non-horizontal) plane. Before performing these tests, a control system should
be developed by linking a controller (e.g., a joystick) into the QuaRC program so
that changing the moving direction can be simplified (compared to the
technique presented in Subsection 7.4.4) and become feasible for the
three-dimensional tests.



To pave the way for the medical application of such a spiral-type robot in a real
human GI tract, in-vivo experiments should be conducted in the organs of living
animals. For this, the external electromagnetic system needs to be upgraded in
both physical size and power supply so that it can maintain enough magnetic
field intensity for wireless actuation to overcome the resistance from the GI
tract.



In this dissertation, the spiral-like motion is selected for active WCE mainly due
to its advantage in locomotion. However, the rotation also brings a new
problem for the capsule’s vision function: the endoscopic images will rotate
together with the capsule. To solve this problem, the images need to be
processed externally to eliminate the effect of the rotation on the endoscopic
visualization. Another possible solution is to make the imaging module not spin
with the spiral structure. The spiral structure can be mounted on a magnetic
shell. The shell acts as a ‘jacket’ for the (middle) cylindrical section of the
capsular body. Rotation is the only relative motion allowed between this ‘jacket’
and the main body. There is no relative movement between them in the
longitudinal direction. To achieve this, micro-sized bearings or other lubricating
mechanisms can be installed between the ‘jacket’ and the main body so that
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the rotational energy won’t be transmitted from the magnetic shell to the main
body. When a rotating magnetic field is produced, only the shell and the spirals
can overcome the resistance from the intestine and they will rotate freely on
the main capsule body. Meanwhile, the diameter of two spherical ends should
be slightly larger than the diameter of the ‘jacket’ so that the ‘jacket’ cannot
slide out in the longitudinal direction and the translational propulsion can be
passed on to the whole capsule.


The interventional modules, e.g., drug delivery and biopsy mechanisms, should
be developed and integrated onboard so that a complete robotic WCE with
therapeutic functionalities can be tested in real small intestine in vitro first and
in vivo later.
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